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AHSTRACT 

Tiiis  rcpuil  covL'is  llic  hilost  pluisi-  of  the  Niilalroii  angular  rale  sensor  developinenl  elTort, 
eulniinating  in  tlie  delivery  of  two  prototype  sensor  and  an  eleetronie  test  set  to  tlie  U.  S.  Air  I'oree 
C'iG  I  !•  at  Holloman  Al'B.  1  he  ohjeelives  ol  the  Nulatron  program  is  to  leatl  to  an  angular  rate 
sensor  for  tactical  fighter  navigation  systems,  offering  fast  reaction  from  a  cold  start,  low  temperature 
coefficients  and  good  long  term  slahility.  The  Nutation  concept  features  an  automatic  drift  compen¬ 
sation  technique,  eliminating  the  reciuirement  for  high  tolerance,  highly  stable  parts  and  materials. 
The  report  tabulates  the  attained  performance  parameters,  discusses  the  results  and  underlying  re¬ 
maining  error  mechanisms  and  concludes  in  recomniciulations  to  further  improve  performance.  The 
electromechanical  and  electronic  modifications  made  under  this  phase  are  discussed  and  their  impact 
on  performance  described. 

Reports  Ah  AL-TR-65-1  70,  AFAL-TR-67-54,  and  A['AL-TR-69-76,  give  the  results  of  the 
previous  efforts  of  this  unconventional  angular  rate  sensor  development  program. 
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I.  SUiVlMAKY 


A,  PI-,RI'C)RMAN('l-.  SUMMARY 


Two  Nut;itroii  ungiikir  rale  sensors  were  labneated  ami  lesleci  witli  the  deliverable  eleelronics 
test  set.  lixeept  for  a  dilTerenee  in  tlie  spin  bearing  geometry,  the  two  instruments  are  identical.  File 
performance  evaluation  was  ccmdiicted  w'ith  the  instruments  mounted  on  precision  indexing  heads 
operating  in  the  rate  capture  mode.  This  setup  permitted  orienting  the  Nutations  at  various  attitudes 
with  respect  to  the  earth  rotation  and  the  g  vector  and  hence  the  determination  of  a  number  of  per¬ 
formance  parameters  including  g  and  g^  sensitive  drift.  The  results  are  listed  on  Table  I  and  discussed 
in  more  detail  in  Section  VI. 


TABLbl.  SUMM-  ■  Y  OF  NUT ATRON  TEST  RESULTS 


1.  Drift  (Spin  Axis  Vert) 

a.  Mean  Value 

b.  Repeatability  from  Cold  start 
(1  sigma) 

c.  Randomness  -  (1  sigma) 

d.  Trend  (16  hr  run) 

e.  Tempeiature  Coefficient  - 
Drift  (73-100°F) 

f.  Temp.  Coefficient  •  Scale  Factor 

g.  Magnetic  Drift  Sensitivity 
(All  Axes  ■  20  gauss) 

h.  Magnetic  Scale  Factor  Sensitivity 
(All  Axes  ■  20  gr  oss) 

2.  Drift  (Spin  Axis  at  Polar  Angle) 

a.  Repeatability  from  Cold  Start 
(1  sigma) 

b.  Randomness  - 1  sigma 

c.  Trend  (16  hour  run) 

d.  Drift  Temp.  Coefficient  (73-100''F) 

3.  G  Sensitive  Drift  (12  Pt  Test) 

4.  G‘  Sensitive  Drift 
Coeff  (12  Pt  Test) 


Nutatron  SN-1 

Nutatron  SN-2 

X  Axis 

y  Axis 

X  Axis 

y  Axis 

0.16  /hr 


0.0397hr 
■'  0297hr 


O.IB/hr 


0.0357hr 
0.03  l7hr 


O.OB/hr 


O.OS/hr 


0.00457hr  0.00747hr 


0.0387hr 


0.0327hr 

o.  •267hr^  I  0.003l°/hr^  |  0.00227hr^  1  0.0014°/hr^ 


0.001°/hr/°F  0.001°/hr/°F  0.001°/hr/°F  0.0037hr/°F 

0.0010  pp/7  I  0.0010  pp/°F  0.0009  pp/°F  0.0009  pp/°F 

None  Measurable  (<0.001  0/hr/gauss) 

None  Measurable  (<  0.0001  pp/gauss) 


0.0347hr 

0.0487hr 

0.0053°/hr2 

0.004°/hr/°F 


0.054°/hr 

0.07l7hr 

0.0090°/hr^ 

0.006°/hr/°F 

0.1°/hr/g 


0.00977hr 

0.0237hr 

0.0057°/hr2 

0.016°/hr/°F 


0.0034°/hr 

0.0187hr 

0.0002°/hr^ 

0,007°/hr/°F 

0.14°/hr/g 


0.137hr/g  0.l7hr/g  0.157hr/g  0.14°/hr/g 

0.867hr/g^  0.167hr/g^  0.267hr/g^  0.227hr/g^ 


The  outstanding  clKiraeteristics  of  the  Nutatron  are  the  escellent  perfornianee  stability  \wtli 
time,  the  low  tempeiatiiie  and  magnetic  sem>itivities  and  good  drift  repeatability  in  a  \ery  short  re¬ 
action  time  of  under  se\en  minutes.  The  trend  (cliange  of  drift  with  time)  listed  on  Table  1  is  most 
certainly  pessimistic  and  is  inlluenced  by  the  randomness  over  a  relatively  short  drift  run  of  lb  hrs. 
Longer  drift  runs  (3b  hrs)  have  been  conducted  during  the  development  cycle  with  trend  figures  of 
under  0  0005  deg/hr/hr. 

Somewhat  disappointing  is  the  short  term  randomness  in  the  order  of  0.03  deg/hr.  On  closer 
examination  the  randomness  consists  of  discrete  periodic  components  which  have  th  characteristic 
of  a  beat  between  the  spin  and  housing  rotation  frequency.  This  is  discussed  in  Section  VI  and  illu- 
stiated  by  a  typical  strip  chart  drift  recording.  Figure  53.  The  drift  periodicity  will  have  little  impact 
on  navigation  performance  as  its  frequency  content  is  considerably  above  the  Schuler  frequency. 
However,  it  prevents  fast  and  accurate  azimuth  alignment  of  the  IRU  by  gyrocompassing.  The  mech¬ 
anism  for  this  periodic  drift  has  been  identified  and  methods  to  eliminate  it  are  discussed  in  Section 
VI  of  this  report. 

The  g^  sensitive  drift  turned  out  somewhat  higher  than  expected,  with  Nutatron  SN-2  exhibit¬ 
ing  approximately  1/3  the  value  of  SN-1.  The  spin  bearings  of  SN-2  have  a  much  lower  outer  race 
curvature  and  anlysis  seems  to  confirm  that  the  curvature  is  associated  with  this  error  source.  Further 
development  efforts  to  reduce  the  g‘  sensitive  drift  are  outlined  in  this  report  and  recommended. 

B.  SUMMARY  OF  NUTATRON  SFNSOR  MODIFICATIONS 

Except  for  a  few  simplifications  and  minor  but  important  modifications,  the  Nutatron  Sensors 
delivered  to  CIGTF  are  in  the  original  configuration  as  developed  under  second  and  third  phase  of 
the  program.  Tire  anisometric  rotor,  the  capacitive  pickoff,  the  capacitive  phase  detector,  the  sus¬ 
pension  spring  compensators,  and  the  rotating  housing  electromagnetic  torquers,  remain  essentially  as 
described  in  Technical  Reports  AFAL-TR-67-54  and  AFAL-TR-69-76,  and  again  in  Section  111  of  this 
report.  The  simplification  and  modifications  made  from  the  original  configuration  and  the  underlying 
reason  are  briefly  summarized  here  and  discussed  in  greater  detail  in  Sections  111,  VI,  and  Appendix  11. 

1.  Simplifications 

The  oiiginal  Nutatron  stressed  symmetric  design  which  is  sound  practice  for  conventional 
inertial  instruments  (see  cross-sectional  sketch.  Figure  9).  Capacitance  pickoffs  spring  compensators 
and  torquing  systems  were  mounted  symmetrically  on  either  end  of  the  Nutatron  rotor.  After  it 

became  apparent  that  conventional  gyroscopic  design  considerations  do  not  apply  with  the  Nutatron, 
the  pickoff  spring  compensation  and  torquing  system  located  on  the  free  end  of  the  suspended  ele¬ 
ment  were  removed  (cross-sectional  sketch  Figure  10).  In  addition  to  simplifying  the  electromecha  i- 
ical  design  and  wiring  of  the  instrument,  the  modulation  factor  M  was  increased  by  30'7  from  about 
1.5  to  2.0.  The  modulation  factor  is  defined  in  Section  111  of  this  report.  It  also  greatly  facilitated 
experimenting  wi'h  preloads  and  alignment  of  the  bearings  without  disassembling  the  instrument. 

2.  Electromechanical  Modifications 

Under  this  phase  of  the  development  program  four  electromechanical  modifications 
were  made  to  the  Nutatron.  These  arc  briefly  summarized  below  and  discussed  in  inme  detail  in 
Appendix  11,  and  Section  VI  of  the  report. 
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KcMSL'd  Sus|H'iihioii  I’ivol 


Tlic  simple  necked  dinvii  siispensiDii  pivot  w;is  rejilLiced  with  li  eoiupound  eireuhir 
pivt)t  (sliown  on  I'iuure  11-3)  to  provide  iiuieli  liiiihcf  slilTncss  about  the  s|hn  Lixis.  With  the  original 
pivi't  tlie  siis|iended  element  ol'  tile  Nutatron  would  occasionally  oscillate  IVom  stop  to  stop  about 
the  spin  axis  aiul  disnijit  measureiiieiits.  I'he  ciimpouiul  circular  and  simple  necked  down  pivot  have 
the  same  compliance  about  the  two  sensitive  axes  and  the  identical  mechanicLil  interface,  permitting 
a  simple  one  for  one  reiilacement.  Tlie  stilTness  about  the  spin  axis  was  increased  by  a  factor  of  800 
and  the  lateral  stiffness  b\’  a  factor  of  fift\ .  The  oscillations  about  the  spin  axis  have  been  reduced  to 
an  insignificant  level.  .A  side  benefit  of  the  compound  circular  pivot  stems  from  a  slight  axiid  dis¬ 
placement  of  the  two  orthogonal  centers  of  suspension.  As  a  result  a  signal  at  twice  housing  rotation 
frequenev  develops  proportional  to  cross  axes  accelerations.  This  signal  is  used  effectively  to  com¬ 
pensate  for  acceleration  sensitive  Nutatron  drift. 

b.  Higher  Stiffness  I'lex  Leads 

The  stiffness  of  the  Ilex  leads  was  increased  by  a  factor  of  three  without  any  impact 
on  performance.  The  flex  leads  have  been  eliminated  as  a  source  of  noise. 

c.  Air  Core  Torquers  for  Nutatron  Signal 

The  eight  torquer  coils  in  the  oiiginal  torquer  block  had  soft  iron  cores  to  provith' 
sufficient  capturing  capability.  One  of  the  torquer  coils  is  used  to  toixiue  rebalance  the  suspended 
clement  at  the  Ne<  tron  fretiuency  and  provide  the  precession  output  signal,  while  the  rest  provide 
the  normal  torque  rebalance  function.  The  soft  iron  core  was  removed  from  the  Nutatron  signal 
torquer  coil  witl  ;i  bO'^  reduction  of  the  output  signal  scale  factor  temperature  coefficient. 

d.  Ball  Spin  Bearings 

The  fiLdl  spin  bearings  have  been  identified  as  the  niLijor  source  of  acceleration 
sensitivi-  Nutatron  drift.  Unequal  orthogonal  radial  compliances  of  the  bearings  are  the  mechanism 
for  this  and  as  derived  in  Section  VI  can  be  caii.sed  by  elliptic  run  out  of  the  outer  bearing  races  or 
nonparallel  installation  of  the  two  bearings  (tilt  about  a  radial  ;ixis  with  respect  to  each  other).  Various 
mechanistns  were  experimented  with  to  minimize  the  tilt  between  the  bearings,  including  wedge 
shaped  preload  shims  and  variable  preload  mechanisms.  The  atljustments  were  found  to  be  very  deli¬ 
cate  or  not  stable  with  time. 

A  computer  bearing  analysis  discussed  in  Section  VI  indicated  that  the  outer  race 
curvature  is  the  prime  contributor  to  he  tilt  sensitivity.  Normal  gyro  bearings  have  very  clo.sely  con¬ 
forming  outer  races  with  curvature  ratios  near  0.55  ami  their  tilt  .sensitivity  is  very  high  as  shown  on 
curve,  l  igure  7  1 .  Bearings  with  angular  outer  race  curvature  above  0.7  should  theoretic:dly  have  a 
very  low  tilt  .sensitivity.  Special  bearings  with  outer  curvature  of  0.8  and  10  were  procured  and  in¬ 
stalled  in  the  Nutatrons  with  excellent  results.  The  till  sensitivity  was  very  much  reducei.1  liiuI  the  g 
sensitive  Nutatron  dri.'l  is  repeatable,  stable  and  exhibits  low  temperature  coefficients  (Table  1).  The 
need  for  tilt  adjustment  has  been  eliminated. 

The  lULignitudc  of  the  accideralion  squared  sensitive  drift  also  seems  to  be  a  func¬ 
tion  of  the  outer  race  curvature.  Reduction  by  a  factor  of  about  3  was  ilemonstratetl  by  reducing  the 
outer  race  curvature  from  2.0  to  0.8,  l  urther  analysis  and  test  is  recommended  for  reducing  this 
type  of  ilrift  and  the  rlctermimition  of  optimum  outer  race  curvature  for  both  g  and  g*  sensitive  drift. 


3.  I'lectronic  Sysleiii  Motii lie;: lion 

The  cievelopnieiit  of  Iho  Niitatron  wus  carried  oiil  with  electronic  circuits  and  test  eijuip- 
ment  contained  in  three  fidl  size  racks.  The.se  liave  been  replaced  by  :)ne  small  te.>l  con.sole  with  the 
electronic  circuits  mounted  on  vector  boards.  Particular  emphasis  has  been  placed  on  simplicity  of 
operation.  Three  switches  control  the  operation  of  the  Nutatron  to  activate  the  power  supplies,  turn 
on  the  spin  motor  and  energize  the  control  loops  respectively.  Two  output  terminals  sulTice  to  record 
the  performance  of  the  Nutatron.  Additional  terminals  and  control  points  are  provided  for  trouble¬ 
shooting. 


As  discussed  in  Section  IV  a  number  of  improvement.'  were  incorporated  in  the  electronic 
circuits  including:  (a)  standardized  transformerless  modulators  and  demodulators  have  reduced  the 
frequency  sensitivity  of  the  electronics,  (b)  current  feedback  rather  than  voltage  amplifiers  to  drive 
the  sping  compensators  minimized  the  effect  of  resistance  variations  of  the  slip  rings  at  the  housing 
rotation  freciuency,  and  (c)  the  generation  of  the  Nutatron  reference  frequency  is  now  accomplished 
electronically  by  multiple.xing  through  the  pickoff  resolver  thereby  eliminating  the  frequency  refer¬ 
ence  resolver. 

Two  operational  changes  have  been  incorporated  in  the  electronics  for  improving  the 
precession  readout. 

(a)  Originally  the  Nutatron  precession  siunal  was  read  out  at  the  pickoff  and  the  mea¬ 
sured  performance  depended  on  the  electronic  gain  and  phase  stabilities  of  the 
pickoff  systems.  Overnight  runs  exhibited  slowly  changing  drift  levels  of  0.4°/hr.  To 
eliminate  the  dependence  on  electronic  stabilities,  the  motions  at  the  Nutatron 
frequency  are  torque  rebalanced  by  high  gain  narrow  bandwidth  loops,  and  the 
torque  at  the  Nutatron  frequency  rather  than  the  motion  becomes  the  indicated 
precession  rate.  The  long  term  stability  of  the  Nutatron  drift  improved  by  a  factor 
of  10  as  shown  on  Table  1  by  this  revised  readout  method. 

(b)  Tile  compound  circular  'uspension  pivots  had  small  axial  displacement  of  the  two 
orthogonal  centers  of  suspension  and  hence  torques  at  twice  housing  rotation 
frequency  in  response  to  the  radial  g  developed.  The  normal  capture  loops  were 
augmented  with  narrow  bandwidth  high  gain  torque  rcblance  loops  at  t'  '  .'Uiency 
to  prevent  saturation  of  the  electronics.  In  effect  these  loops  measure  t  n  .  .  'ii- 
tions  along  the  two  input  axes  and  form  the  basis  for  a  multisensor.  Thes^ 

tion  signals  were  used  effectively  to  trim  the  g  sensitive  Nutatron  drift. 
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II  IN  I  RODUCTION 


This  docuiiiciit  is  the  fnial  report  on  the  latest  two  pliases  of  the  exploratory  development 
program  of  the  Nutatron  angular  rate  sensor.  It  covers  the  activity  from  1  5  October  1  970  to  I  5 
March  1  97d  carried  out  under  Contracts  hddbl  5-71-1092  and  F3361  5-72-1  137  from  the  U.S.  Air 
Force  Avionics  Laboratory.  The  two  contracts  were  interdependent  in  that  the  first  was  for  the 
development,  test,  and  evaluation  of  the  Nutatron  angular  rate  sensor  and  the  second  for  the  design, 
fabrication,  and  test  of  the  specialized  electronics  required  to  operate  and  test  instruments.  The 
Nutatron  and  its  test  electronics  are  now  ready  for  independent  evaluation  and  have  been  shipped  to 
Central  Inenial  Guidance  Test  Facility  (CIGTF)  at  Holloman  AFB  for  that  purpose. 

The  objective  of  the  Nutatron  development  effort  was  to  establish  the  feasibility  of  an  uncon¬ 
ventional  technique  which  continuously  detects  drift  and  automatically  corrects  it  using  a  feedback 
approach.  The  requirements  for  precision  mechanics,  tight  tolerances,  excellent  dimensional  and 
material  stabilities  and  accurate  temperature  control  are  substantially  reduced  or  eliminated.  The 
automatic  drift  compensation  technique  of  the  Nutatron  therefore  leads  to  a  low-cost  reliable  angular 
rate  sensor  with  very  short  reaction  time  from  a  cold  start.  Performance  suitable  for  tactical  aircraft 
navigation  systems  was  set  as  a  goal. 

The  Nutatron  features  an  anisometric  rotor  with  unequal  radial  moments  of  inertia.  In  other 
words,  the  rotor  has  a  configuration  somewhat  similar  to  a  dumbbell  rather  than  a  cylinder  or  sphere 
of  a  conventional  gyro.  In  response  to  prece.ssion  rates  it  exhibits  minute  oscillations  at  twice  rotor 
frequency.  These  oscillations  are  detected  by  synchronous  demodulation  techniques  and  used  to 
generate  a  counter  torque  to  stop  the  drift. 

In  the  strap  down  mode  of  operation  the  amplitude  of  the  oscillation  is  a  direct  measure  of 
base  precession  rate.  The  Nutatron  has  been  tested  in  this  mode  for  the  development  effort  with 
components  of  earth  rate  as  the  input. 

After  verifying  the  Nutatron  principle  on  a  modified  conventional  gyro  (Technical  Report 
AFAL-TR-65->  70),  an  instrument  specifically  designed  for  Nutatron  action  was  fabricated  and  tested 
(Technical  Report  AFAL-TR-67-54).  Since  then  the  effort  has  been  directed  to  identify  and  sub¬ 
sequently  reduce  various  noise  sources  at  or  near  the  Nutatron  frequency  by  system  techniques  or 
modifications  to  the  instrument  (Technical  Report  AFAL-TR-69-76  and  as  discussed  in  this  report). 


As  can  be  expected  in  an  advanced  inertial  instrument  development  effort  of  this  kind,  error 
sources  and  possible  improvements  have  come  to  light  which  could  not  be  implemented  because  of 
funding  and  schedule  limitations.  These  are  discussed  in  the  report,  and  recommendations  for  future 
developments  are  made.  However,  the  principal  objectives,  excellent  long  term  stability,  repeatability 
and  low  temperature  coefficients,  have  been  established  by  many  tests  and  should  be  verified  by  the 
test  program  at  CIGTF  at  Holloman  AFB.  The  data  and  findings  indicate  that  the  Nutatron  concept 
has  substantial  growth  potential  for  a  family  of  precision  angular  rate  sensors  for  a  wide  range  of 
applications. 
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111.  l)i;S('Rll>riON  Ol'  NUTATRON  ANGULAR  RAI  L  SliNSOR 


The  Nutatroii  angular  rate  sensors  which  have  been  delivered  to  the  Air  Lorce  lor  independent 
evaluation  are  in  the  basic  configuration  described  in  previous  reports.  Modifications  were  iiUroduced 
where  tests  and  analysis  indicated  a  specific  need  but  within  the  limitation  r)f  not  retiuiring  a  funda¬ 
mental  redesign  of  the  e.xisting  hardware.  The  rotor,  spin  motor,  capacitive  pickoff,  suspension  spring 
compensation,  flex  leads  and  rotating  case  mechanism  remain  unaltered,  (dianges  were  made  in  Ihe 
spin  bearings,  suspension  system,  and  toniuer  coils  but  with  ihe  constraint  that  a  one  to  one  replace¬ 
ment  could  take  place.  A  substantial  simplification  was  introduced  by  discovering  that  symmetry  adds 
very  little  to  the  Nutation  performance,  and  the  pickoff,  lortiuing  and  spring  compensation  system 
were  removed  from  one  end. 

The  Nutatron  instrument  is  described  in  this  .summary  with  its  latest  modifications.  A  brief 
summary  of  the  Nutatron  principle  is  repealed  first  for  clarity. 

A.  SUMMARY  OL  NUTATRON  PRINCIPLL 

This  discussion  is  simplified  to  highlight  the  approach  and  does  not  include  the  dynamics  of 
resonant  operation.  This  is  covered  in  Appendix  [.  ■ 

A  conventional  gyro  with  a  symmetric  rotor  (cylindrical  or  spherical)  responds  to  torques  by 
exhibiting  a  steady  state  drift  (Figure  1  .a).  This  drift  is  expressed  by  the  normal  gyro  equations. 
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where: 


tj  jj.,  cj y =  drift  rate  about  x  and  y  axes 
Tx,  Ty  =  drift  torques  about  x  and  y  axes 
u  =  rotor  angular  velocity 

C  =  spin  axis  moment  of  inertia 

If  the  gyro  rotor  is  made  so  that  it  has  different  principal  moments  of  inertia  in  the  plane  of 
rotation  (anisomctric).  it  responds  to  torciues  by  drifting  us  shown  in  Figure  1  -b.  The  steady  stale 
drift  now  has  minute  oscillations  superimposed  on  it  at  twice  Ihe  rotor  spin  frequency.  The  amiili- 
lude  of  these  oscillations  is  proportional  to  the  drift  rate. 

In  a  gyro  with  an  anisomctric  rotor,  the  drift  equations  become  (neglecting  die  suspension 
spring  restraint) 
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A,  B  =  the  iirinciplc  inoineiits  of  inertia  of  tlie  rotor  about  the  x  and  y  axes  (Figure  2) 

1  =  tlie  symmetric  nonrotating  inertia  of  the  gyroscopic  clement 

t  =  time 

When  the  equations  are  expressed  in  terms  of  conventional  gyro  drift  and  are  integrated,  the 
detected  pickoff  angles  are  given. 
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Tliese  equations  show  that  the  oscillating  signals  in  either  pickoff  are  directly  related  to  the 
total  gyro  drift  occurring  in  both  axes.  Therefore,  the  signals  occurring  at  the  2u  frequency  can  be 
used  to  compensate  for  the  disturbing  (drift  producing)  torques  by  a  feedback  system  as  illustrated 
in  the  block  diagram  of  Figure  3.  In  this  figure,  the  output  of  the  x-axis  pickoff  is  demodulated 
at  the  sine  and  cosine  phases  of  the  2i^  frequency.  The  demodulator  outputs  are  used  in  a  closed 
loop  through  the  torquer  to  produce  compensation  torques  to  reduce  the  gyro  drift  to  zero. 

When  such  a  self-compensating  technique  is  used,  the  gyro  performance  is  no  longer  affected 
by  small  changes  in  the  dimensions  of  the  instrument  parts  or  by  changes  in  the  parameters  of  the 
materials  used.  If  these  changes  produce  disturbing  torques  on  the  gyro,  the  self-compensating  loop 
automatically  detects  the  torques  by  means  of  the  Nutatron  oscillations  produced,  and  corrects  for 
them. 

The  Nutatron  concept  combines  the  operation  of  a  conventional  gyro  with  an  unconventional 
drift  compensation  scheme.  The  pickoff  signals  of  a  two-degree-of-freedom  gyro  arc  used  for  angular 
rate  sensing  for  short  term  attitude  information  while  the  Nutatron  signal  at  twice  the  rotor  frc+piency 
is  used  for  longer  term  drift  compensation.  This  concept  permits  rapid  system  preparation  since  the 
automatic  drift  compensation  can  take  place  after  the  system  is  in  operation  and  airborne. 
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111  llic  itlciil  sitiKilion  witlunil  noise,  llierc  is  a  direcl  relationsiiip  between  oseillaling 
pickolT  signals  at  twice  the  rotor  t're(|iiency  (2  e)  ami  gyro  drift,  and  gyro  drift  can  be  effectively 
eliniinated  by  nulling  all  of  the  2  i>  oscillations  in  the  pickolT.  In  the  actual  instrument,  however, 
there  are  several  potential  sources  of  2  i>  oscillations  that  are  not  caused  by  gyroscopic  torques. 

These  erroneous  oscillations  are  considered  noise  and  constitute  the  only  potential  elrift  error  source 
in  the  Nutation  instrument.  Gyroscopic  torques,  which  are  the  limiting  factors  in  performance  and 
reaction  time  of  conventional  gyros,  are  of  no  concern  here. 

Including  the  noise  signal  at  an  arbitrary  phase,  b,  in  the  e.xpression  for  the  pickoff  angle 
and  ignoring  the  steady  state  term,  the  pickoff  signal  is 
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Hence,  the  remaining  drift  with  drift  correction  loops  closed  is 
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From  these  expressions  it  can  be  seen  that  the  residual  drift  of  a  Nutation  gyro  can  be 
minimized  by  three  considerations: 

Maximizing  the  M  ratio 

Minimizing  the  noise  amplitude 

Minimizing  the  rotor  speed  u 

B.  DESCRIPTION  OF  NUTATRON 

The  Nutatron  was  designed  to  meet  the  following  basic  goals: 

1 .  Obtain  as  high  an  M  as  possible. 

2.  Minimize  potential  sources  of  noise  at  the  Nutatron  frequency. 

3  Achieve  an  untloated  configuration  that  eliminates  the  problems  of  filling,  scaling, 
gas  bubbles,  etc. 

4.  Design  an  instrument  that  is  simple  to  assemble  and  disa.ssemble  so  that  development 
type  changes  can  be  made  with  relative  ease. 
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5.  Obtain  a  low  running  speed. 


b.  Eliminate  hard  magnetic  materials  Irom  tlic  gyro  rotor  to  avoid  magnetic  noi.se  sources. 

7.  Achieve  all  of  the  above  with  a  design  that  will  eventually  lend  itsell'  to  mass  production 

at  a  reasonable  cost. 

It  consists  of  the  following  eight  subsystems. 

1.  Gyroscopic  Element 

This  gyroscopic  clement  shown  in  Figure  4  contains; 

(a.)  The  anisometric  rotor  structure  including  the  spin  motor  and  bearings. 

(b.)  A  single  common  pickolT  plate  that  is  used  by  the  pickoff  system  to  detect  the 
rotational  position  of  the  gyroscopic  element. 

(c.)  A  permanent  magnet  required  for  excitation  of  the  torquing  system. 

2.  Nutatron  Rotor  (Figure  5) 

The  rotor  assembly  of  the  Nutatron  consists  of  the  anisometric  inertia  ring  and  supporting 
structure,  the  spin  motor,  and  the  spin  bearings.  The  inertia  ring  is  screwed  to  an  aluminum  housing 
which  couples  it  to  the  rest  of  the  rotor  structure.  The  rotor  housing  end  caps  contain  the  ball 
bearings.  The  spin  motor  is  mounted  inside  the  rotor  housing. 

The  inertia  ring  provides  different  moments  of  inertia  about  two  orthogonal  axes  in  the 
equatorial  plane,  and  establishes  the  proper  ratio  of  inertias  so  that  stable  operation  can  be  achieved. 

It  consists  of  two  large  diametrically  opposite  masses  connected  by  a  slender  ring.  The  two  masses 
provide  a  large  moment  of  inertia  about  any  axis  perpendicular  to  the  diameter  connecting  them 
(hence,  large  A  and  C  inertias),  but  a  small  moment  of  inertia  about  the  connecting  diameter,  B. 

The  addition  of  the  slender  ring  makes  the  C  inertia  larger  than  the  A  and  B  inertias  so  that  stable 
rotational  operation  is  achieved. 

An  eddy  current  motor  is  used  to  provide  the  torque  required  to  drive  the  rotor.  This 
type  of  motor  was  selected  because  it: 

(a.)  Operates  well  at  low  speed. 

(b.)  Has  nonsynchronous  driving  torques  and,  therefore,  low  noise  at  2  e. 

(c.)  Has  a  nearly  linear  speed  torque  characteristic  which  aids  in  implementing  speed 
control. 

(d.)  Requires  no  hard  magnetic  materials  on  the  rotor. 

Ball  bearings  are  u.sed  because  they  have  the  following  characteristics: 
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(a.)  Cai)ahility  of  running  at  low  speeds. 


(b.)  I,ow  noi.se  at  twice  tlie  rotor  speed. 

(c.)  Miniimnn  inertia  about  an  input  a.xis. 

(d.)  Low  running  torques 

3.  Suspension  System 

The  Nutatron  uses  a  compound  circular  flexure  type  of  suspension  system.  The  Hexure 
is  supplemented  by  an  electromagnetic  spring  rate  compensator  shown  in  Figure  6.  The  electro¬ 
magnetic  spring  rate  compensator  is  used  to  produce  a  negative  spring  rate  that  cancels  the  positive 
spring  rate  of  the  pivot.  In  addition  to  this  function,  the  compensator  is  used  for  torquing  in  the 
rotating  system.  Spin  motor  power  is  supplied  through  Hex  leads  shown  in  the  lower  portion  of 
Figure  6.  The  pivot  is  held  in  place  by  a  pivot  holder  shown  in  the  middle  of  the  figure.  The  holder 
is  required  to  provide  a  magnetic  “window”  for  the  torquing  system. 

The  Hexure  suspension  system: 

(a.)  Permits  two  degrees  of  freedom  of  motion. 

(b.)  Presents  a  minimum  moment  of  inertia  about  the  input  axes. 

(c.)  Has  low  rotational  restraint  about  the  input  axes. 

(d.)  Has  the  ability  to  support  the  suspended  element  in  an  acceleration  field  of  several 
g’s  without  the  aid  of  notation  fluid. 

(e.)  Has  a  high  transverse  ridigity  to  limit  lateral  defiections  and  eliminate  the  possibility 
of  translational  resonance  near  the  Nutatron  signal  frequency. 

(f.)  Has  high  torsion,  stiffness  to  prevent  motions  about  the  spin  axis. 

The  analysis  of  the  compound  annular  Hexure  is  presented  in  Appendix  11. 

4.  Pickoff  System 

A  capacitive  pickoff  system  is  used  in  the  Nutatron  because; 

(a.)  The  configuration  of  a  capacitive  system  is  simple  and  inexpensive  to  build. 

(b.)  It  adds  very  little  to  the  nonworking  (symmetric)  inertia  of  the  gyroscopic  element, 
(c.)  The  sensitivity  in  volts  per  radian  is  very  high. 

(d.)  The  power  required  to  excite  and  operate  a  capacitive  pickoff  is  very  low. 
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Tlio  pivsL'iil  capMciiivc  iMckotT  i-DiisisIs  ol  Iwo  ct)nductivi.’  iiliilcs;  ihk'  cm 

tlic  UN  roscopic  ck'Mi'jnl  .iiul  tin-  olhor  Ii\l'i.1  to  the  gyio  lioiisini:  (I'iguiv  7).  l■lK■^c  pLites  :irc  I'lal, 
aiir.’.ihir  rings  that  aiv  so  llial  a  small  gap  exists  between  tlieni.  The  plate  monnteil  to  the 

housing  ( I'lxeil  plate)  is  segntenlei.1  into  quadrants  to  provide  two  iiiiadrants  lor  eaeh  axis,  lienee, 
four  eapaeitors  are  formed  between  the  quadrants  of  the  fixed  plate  and  die  eommon  plate  on  the 
eyroseopie  element  (  nuneable  plate).  These  eapaeitors  for  eaeh  axis  are  eonneeted  in  a  Wheatstone 
type  bridge,  so  that  a  signal  is  jirodneed  that  is  inoportional  to  the  angle  of  rotation  of  the  gyroscopic 
element. 

.s.  ToRining  System 

The  Nutation  uses  an  electromagnetic  torriiiing  system  to  produce  rebalance  toniiies 
on  the  gyroscopic  element  and  to  precess  the  gyro  on  connnund.  The  tori|iiing  system  (T'igiire  8) 
uses  a  cylindrical  permanent  magnet  that  is  mounted  on  the  gyroscopic  element.  I'he  field  of  this 
permanent  magnet  is  shaped  by  a  soft  iron  cup.  Tdght  small  coils  are  mounted  on  the  outside  case  of 
the  gyro  and  extend  into  the  field  of  the  permanent  magnet.  When  a  current  is  passed  through  these 
coils,  a  torque  is  generated.  Six  of  the  cods  are  wound  on  soft  iron  cores,  and  are  used  for  dc  torque 
rebalancing  and  precession.  The  remaining  two  coils  are  wound  on  nonmagnetic  cores,  and  are 
used  for  ac  torque  rebalancing. 

b.  Rotor  Speed  and  Phase  Detector 

To  synchronously  demodulate  the  Nutalron  signals,  it  is  necessary  to  know  the  exact 
frequency  and  phase  of  the  rotor  rotation.  To  accomplish  this,  a  capacitance  plate  is  mounted  to  the 
gyro  rotating  housing  and  placed  so  that,  eacii  time  one  of  the  anisometric  masses  passes  the  plate,  a 
change  in  the  capacity  of  the  plate  to  ground  occurs.  The  capacitance  is  connected  in  a  Wheatstone 
type  bridge  so  that  a  voltage  impulse  is  generated  each  time  an  anisometric  mass  passes.  The  output 
puTse  is  u.sed  for  speed  control  and  to  generate  a  reference  for  the  Nutatron  signal  demodulators. 

7.  Housing  Rotation  System 

Housing  ixRation  is  accomplished  by  the  addition  of  four  major  parts  to  the  basic 
instrument.  These  parts  are: 

(a.)  A  housing  rotation  drive  motor. 

(b.)  The  bearings  on  which  the  housing  rides. 

(c.)  A  set  of  slip  rings  to  provide  electrical  connection  to  parts  inside  the  rotation 
housing. 

(d.)  A  resolver  to  resolve  the  rotating  pickoff  signals  into  the  fixed  coordinate  system. 

8.  Nutatron  Tdectronics 

The  electronics  required  for  the  Nutatron  consist  of  ten  subsystems  which  arc  discussed 
in  Section  IV.C. 
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I'lic  Nutatron,  in  its  present  configuration  and  prior  to  modification,  is  illiistrateil  with 
cross-sectional  diagrams  in  Ingmes  10  anil  y.  The  simplifications  are  evident  on  the  lefthand  side  of  th 
cross-section  with  the  removal  of  one  capacitive  pickoff  and  spring  compensation  system  from  the 
rotating  housing  structure  and  the  suspended  element.  The  toriiuing  system  (torquer  block  on  fixed 
housing  and  permanent  magnet  on  suspended  element)  has  also  been  taken  off.  The  clear  accessibility 
to  the  lefthand  spin  bearing  is  apparent  which  made  it  possible  to  change  preload  and  shim  adjust¬ 
ments  while  the  Nutatron  was  on  the  test  stand  and  without  disassembly. 

The  one  for  one  replacement  of  the  pivot  suspension  by  the  compound  circular  flexure 
is  seen  in  the  center  of  the  diagrams. 

The  major  subsystems  have  been  described  in  previous  reports  ano  are  not  covered  here. 
The  capacitive  pickoff  system,  the  rotor  design,  the  eddy  current  spin  motor,  and  the  case  rotation 
are  covered  in  report  No.  ArAL-TR-b7-54.  The  spring  compensators  and  rotor  speed  control  pick¬ 
off  are  discussed  in  Report  No.  AFAL  TR-bd-76. 
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IV  Nl'l  A  I  KON  1  I  ST  SI,  I 


The  ck’clronii.'  icsl  scl  in  conihiiKition  willi  ilio  Niil;itn)ii  is  a  scir-conlaiiKal  sN  slnm  to  mca- 
suiL'  angular  inpu!  raU'SlcunipoiK'nls  ol'  carlli  rulaliini).  It  jirovitlns  the  special  ilri\c  xoltagcs  lo 
upmaU'  tiu'  inslninu'iiis.  ll  alsu  rurnislK's  a  numbor  ol'  I'ccilback  I'unctions  uniiiuc  In  llic  jNiilatron 
aiul  Ilk’  ivailoiil  okk  lionii.s  for  poi  rnrniaiko  ovalualioii,  IT)!'  ilk-  onuiik'cr  who  is  priniariK  ink-ivsU-tl 
in  ilk-  owrall  opcralion  of  llic  Nulatron  lost  s\slom.  liio  siibsyslonis  of  tlio  lost  sol  aro  tlosoribotl  in 
blook  diagram  form  willi  a  short  dosoriplion.  1  his  is  I’ollowod  by  a  disoussion  of  iho  lost  oonsolo 
will)  its  swilohiiig  iirovisions  and  availability  of  lorniiiials.  I'ho  soction  oonoludos  with  a  ilolailod 
dosoriplion  of  Iho  tosi  sol  oloolronio  oironils. 

A.  SUBS'i'STHM  DldSCRlPTlON 

riio  olootronio  lost  sol  oonlains  Ion  siibsyslonis  whioh  oan  bo  groiipod  by  Ihroo  major  fimotions 

1 .  Power  Supplies  and  Keferenoe  Signal  Clenerators 

2.  Nulatron  Tonino  Rebalance  Loops 

3.  Operating  Condition  Feedback  Loops 

Hxcept  for  the  zener  diode  to  control  the  rotor  speed,  the  Nutatron  electronic  test  set 
contains  no  precision  electronics.  While  the  overall  block  diagram  (Figure  I  1)  may  appear  complex, 
the  same  functions  are  duplicated  many  times,  namely  demodulation,  multiplication  and  integration. 
The  system  uses  13  standard  demodidators.  lb  commercially  available  multipliers,  and  1  2  operational 
amplifiers  rigged  as  integrators.  It  now  appears  that  more  than  half  the  electronics  can  be  eliminated 
in  the  future.  It  is  likely  that  the  resonance  control  loops,  the  axis  alignment  loops  and  dc  capture 
loops  can  be  dropped  and  the  rest  of  the  electronics  simplified.  The  prime  purpose  of  the  electronic 
test  set  was  the  verification  of  the  Nutatron  principle.  Flexibility  of  Oi..'.'-ation  for  investigative  tests 
was  the  principal  objective  for  the  electronic  lest  set  rather  than  low  cost  and  .simplicity. 

1.  Power  Sup|ilies  and  Reference  Signal  Generators. 

The  voltages  and  freiiuencies  required  for  the  operation  of  the  Nutatron  are  generated 
in  three  subsystems  as  follows. 

a.  Power  Supplies  (Block  Diagram  Figure  1  1 ,  Section  G) 

The  power  supplies  consist  of  the  dc  supplies  required  by  the  individual  electronic 
circuits  and  the  ac  supply  required  to  operate  tlv-  case  rotation  motor.  In  ition  a  frequency  ref¬ 
erence  unit,  consisting  of  a  crystal  oscillator  and  a  frequency  divider,  supplies  the  various  frequencies 
required  by  the  pickoff  excitation,  the  rotor  speed  detector,  the  spin  motor,  the  housing  drive  motor, 
etc.  These  signals  are  harmonically  related  to  prevent  low  frequency  beats  due  to  interaction  of  the 
various  circuits 

b.  2i'  and  2p+2il  Reference  Signal  ('icneration  Flectronics  (Figure  1  1,  Section  FJ 

Various  signals  related  to  the  rotor  and  case  rotation  frequencies  are  required  by 
the  electronics  discussed  above.  These  signals  are  generated  by  electronics  which  make  use  of  the 


rotor  speed  (and  phase)  detector  to  sense  the  rotor  rrequency,  and  tlie  pickofl  resolver  to  obtain 
tlie  case  rotation  rrec|iiency. 

riiese  I'recpiencies  are  processed  by  multipliers  and  ampliriers  to  derive 

(1 )  sine  and  cosine  phases  of  2u+2il  I'or  Niitalron  signal  detection  demoilulators 
aiul  (or  tlie  resonance  control  loop 

(  2)  sine  and  cosine  of  2i^  for  the  axis  alignment  loops 

(3)  2ll  Reference  (lenerator  (f'igure  1  I ,  Section  M) 

This  circuitry  provides  the  reference  signals  rctpiired  for  the  synchronous  demml- 
ulators  and  modulators  in  the  nulling  loop. 

2.  Torque  Rebalance  Loops 

The  Nutatron  stispendeJ  element  is  torque  rebalanced  to  its  case  with  narrow  band¬ 
width  around  three  discrete  freciuencies,  dc,  2i'+2f2  and  2S2.  The  tortpie  rebalance  at  these  frequencies 
has  very  high  gain  supplied  by  integration  in  the  loops.  The  dc  torciue  rebalance  loops  only  sen'e 
the  function  of  slaving  the  Nutatron  suspended  element  to  the  case.  The  dc  rebalance  torques 
are  not  normally  measured  or  recorded  in  contrast  to  conventional  gyros  where  they  yield  the  per¬ 
formance.  The  rebalance  torque  at  the  Nutatron  frecpiency  stops  the  oscillations  of  the  suspentled 
element  at  2r'+2f2  and  serves  as  the  indicated  precession  rate.  The  rebalance  torque  at  2i2  is  direct 
measure  of  the  acceleration  inputs  perpendicular  to  the  spin  axis  and  is  used  for  correcting  the 
standing  level  of  acceleration  sensitive  Nutatron  drift. 

a.  dc  Constrainment  Electronics  (Figure  1  1,  Section  A) 

These  loops  consttain  the  gyroscopic  element  by  sensing  its  position  relative  to  the  case 
in  two  axes  (x  and  y)  and  generating  signals  to  the  dc  torquer.  Because  the  Nutatron  uses  case  rota¬ 
tion.  the  constrainment  loops  consist  of  rotating  system  pickoff  electronics  and  fixed  system  torquing 
electronics.  Resolution  of  the  ihckoff  signals  in  the  rotating  system  to  the  fixed  toniiiing  system  is 
accomplished  by  an  electromechanical  resolver  driven  with  the  rotating  case  (Figure  1  2)  by  the 
housing  drive  motor. 

b.  Nutatron  Frequency  T  orque  Rebalance  Electronics  (Figure  1  I ,  Section  B) 

The  Nutatron  oscillations  are  sensed  at  and  processed  by  the  gyro  pickolT  elec¬ 
tronics.  The  response  of  the  gyro  constrainment  loop,  however,  is  shaped  to  prevent  these  oseillal ients 
from  reaching  the  dc  tonpiers.  The  output  of  the  pickoff  electronics  is  fed  to  the  Nutatron  sign.il 
detection  electronics,  which  consists  of  bandpass  amplifiers  and  synchronous  demodulators,  I'lie 
Nutatron  oscillations  are  thus  amplified  and  converted  to  dc  signals.  They  are  then  integrated, 
remodulated  at  the  Nutatron  fre(|uency.  and  fed  back  to  a  s|recial  air-core  torquer.  which  nulls  the 
Nutatron  motions.  I'hc  integrator  outputs  (after  filtering)  are  the  analog  output  signals  representing 
the  precession  input  and  drift  rates  about  the  twer  sensitive  axes. 

e.  .''(2  I'onpie  Rebalance  l-leetronies  (Figure  1  1,  .Section  .1) 

Because  the  two  suspension  a  es  of  ihe  lompoimd  eiieiil.ir  tlesiiie  df  not  lie 
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Figiue  1  1.  Overall  Block  Diagram 
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Figure  12.  Gyro  Constrainment  Loops 

exactly  in  the  same  iilaiie  per|iendicular  to  tlie  spin  a.xis,  a  torque  is  generated  at  twice  tlie  case 
rotation  frequency  (2S2 )  in  response  to  accelerations  (or  g-forces)  perpendicular  to  the  spin  axis. 

The  normal  gyro  constrainment  loop  rolls  olTat  a  frequency  much  lower  than  2Sl;  therefore,  a 
special  2n  nulling  loo|i  is  required  to  constrain  the  2S2  motions. 

The  output  of  the  pickoff  electronics  is  amplified  and  synchronously  demodulated 
at  20.  The  resulting  dc  signals  are  integrated,  remodulated,  and  fed  into  the  dc  torquers  to  null 
the  20  motions.  This  loop  provides  very  high  loop  gain  in  a  very  narrow  band  about  20. 

The  integrator  outputs  of  the  20  nulling  loop  above  generate  dc  signals  proportional 
to  the  acceleration  (or  g-forces)  along  the  two  sensitive  axes  of  the  Nutatron.  The.se  outputs  are 
appropriately  phased  and  scaled  to  provide  sigi'.als  to  compensate  for  acceleration  sensitive  errors 
in  the  Nutatron.  They  are  summed  along  with  the  Nutatron  signal  in  such  a  way  as  to  minimi/e  these 
acceleration  sensitive  errors. 

3.  Operating  Condition  Feedback  Loops 

F'or  proper  operation  the  Nutatron  rotor  speed  has  to  be  controlled,  the  rotor  and  case 
rotation  axes  have  tc  be  maintained  in  approximate  alignment,  and  Ihe  suspension  spring  constant 
maintained  to  resonate  the  Nutatron  signal  2i'+2f2.  .'\chieving  the  latter  two  conditions  by  feedback 
techniciues  greatly  cases  the  precision  reciuirements  of  the  mechanical  parts  and  assembly  techniiiues. 


a. 


Rotor  Speed  Control  Loop  (Figure  1  1 ,  Section  C) 


The  Nutatron  uses  an  eddy  current  motor  to  spin  the  rotor.  A  speed  control  loop 
is  used  to  hold  the  rotor  spin  speed  constant.  The  loop  (Figure  1  2)  consists  ol  a  rotor  speed  detector, 
electronics  to  adjust  the  output  of  the  motor  supply,  and  the  3-phase  motor  supply. 
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Figure  13.  Rotor  Speed  Control 


b.  Resonance  Control  Loop  (Figure  I  I,  Section  I)) 

Tlio  mim.it,  signal  oscillations  of  the  Nutatron  arc  enhanced  by  resonating  the 
suspension  system  at  the  Nutatron  signal  rrepueney.  The  internal  tiamping  of  the  Nutatron  is  very 
low  due  to  the  unnoated  conliguration.  and.  as  a  result,  the  resonance  (.)  iscpiite  liighf®  40).  To 
avoid  shifts  of  the  resonance  ju-ak  with  time,  temperature,  etc.  a  servo  loop  controls  the  resonance. 

This  loop  (shown  in  Figure  14)  uses  a  signal  derived  from  the  actual  rotor  speed  to  .sense  the  resonanee 
condition.  The  phase  of  this  signal  is  measured  as  it  passes  llirough  the  resonant  suspension  s\'stem. 
Deviations  from  the  desired  phase  are  measured  and  the  current  in  the  spring  rate  compensators  is 
adjusted  to  vary  the  siisiumsion  system  spring  rate,  rherefore,  the  resonant  frerpiencN  of  the  suspension 
system  is  constant  with  respect  to  the  rotor  speed. 


l  igure  14.  Resonance  (  ontrol  Loop 


2  b 


Axis  Aligiiiiu'nt  Loops  (l  iguiv  II,  Section  I.) 


As  sl.itcci  :ibovc,  llio  Niit;ilron  uses  case  rotation  to  improve  its  performanee.  A 
misalignment  lietween  the  spin  axis  aiul  tlie  ease  rotation  axis  introduces  a  component  of  the  case 
rotation  rate  into  tlie  uyro.  The  amplitude  of  this  rate  is  proportional  to  the  misaliiznmcnt  ancle 
(  for  small  aiualcs).  I'his  sicnal  has  an  elTect  on  the  Niitatron  performance  if  it  cets  too  lariic.  Auto¬ 
matic  axis  alignment  loops  (I'igure  I  5)  are  iiseil  to  align  the  spin  axis  to  the  case  rotation  axis.  'I  hese 
two  loojis  (one  for  the  x  axis,  one  for  the  \ )  sense  the  mi.salignment  of  the  two  axes  by  detecting  the 
Nutatron  signal  generated  b\  the  misalignment  and  adjust  the  position  of  the  spin  axis.  The  electro¬ 
magnetic  spring  rate  compensators  are  used  as  torciuers  to  position  the  snin  axis. 


Hickotl 


Figure  15.  Axis  Alignment  Loops 


B.  NUTATRON  TFST  F.LFCTRONICS  CONSOLE  (FIGURE  1  b) 

The  Nutatron  Test  Electronics  circuits  are  enclosed  in  a  standard  relay  rack  (42  in.  high 
X  22  in.  wide  x  22  in,  deep.  The  dc  power  supplies  are  located  on  a  chassis  at  the  bottom  of  the 
rack,  and  the  remainder  of  the  electronic  circuits  are  constructed  on  4-1  >2  inch  x  b-1/2  inch  plug-in 
vector  boards.  There  are  26  of  these  boards  mounted  in  three  vector  board  cages  stacked  one  above 
the  other,  with  tlie  connectors  and  interconnecting  wiring  at  the  front  of  the  rack.  The  front  of  the 
rack  is  made  up  of  four  panels  which  provirle  all  the  switching,  monitoring,  and  control  functions 
for  the  operation  of  the  Nutatron.  The  locations  and  descriptions  of  these  functions  are  summari/erl 
in  Table  11. 

The  performance  monitoring  signals  are  Nutatron  Signals  No.  1  and  No.  2  in  the  form  of 
analog  voltages  proportional  to  the  input  angular  rates  about  the  sensitive  axes.  All  of  the  other 
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TABI.i;  II.  SUMMARY  Ol-  FRONT  PAN1:L  MONITORINO  AND  CONTROL  FUNCTIONS 


Front 

Panel 

Number 

Title 

Function 

1 

Power  Switch 

Activates  the  dc  power  su|)plics  and  cooling  Ian. 

1 

Integrator  Discharge  Switch 

Nulls  the  outputs  of  all  the  integrators  in  the  system.  This  is  a  spring 
loaded  pushbutton  switch.  It  is  used  only  for  tioubleshooting. 

1 

Spin  Motoi  Switch 

Applies  power  to  the  spin  motor. 

1 

Housinij  Drive  Switch 

Applies  power  to  the  housing  drive  motor  and  activates  all  of  the  \ 
Nutatron  Electronic  loops.  \ 

1 

Thermistor  No.  1 

Test  points  across  Thermistor  Number  1  inside  the  Nutatron.  * 

1 

Thermistor  No.  2 

Test  points  across  Thermistor  Number  2  insiile  the  Nutatron. 

1 

Torquer 

Test  points  across  the  ac  torquer. 

1 

Heater 

Test  points  across  the  Nutatron  heating  element. 

3 

Speed  Control 

Test  points  across  speed  control  circuit  output.  \ 

3 

Y  Axis  Torquer 

Test  points  across  Y  axis  dc  torquer  coils.  ^ 

3 

X  Axis  Torquer 

Test  points  across  X  axis  dc  torquer  coils. 

3 

Nutatron  Siijnal  No.  1 

X  Axis  Nutatron  readout  signal. 

Y  Axis  Nutatron  readout  signal.  ^  ^ 

3 

Nutatron  Siyiial  No.  2 

3 

Axis  Align  No.  1 

Test  [loints  across  input  of  axis  alignment  integrator  Number  1. 

3 

Axis  Align  No.  2 

Test  points  across  input  of  axis  alignment  integrator  Number  2. 

3 

Resonance  Control 

Test  points  across  input  of  resonance  control  integrator. 

3 

Rotor  Speed 

Test  points  across  2i>  pulse  generator  output. 

3 

Meter  No.  1 

Measures  output  voltage  of  X  axis  compensator  driver  Number  1. 

3 

Meter  No.  2 

Measures  output  voltage  of  X  axis  compensator  driver  Number  2. 

3 

Meter  No.  3 

Measures  output  voltage  of  Y  axis  compensator  driver  Number  1. 

3 

Meter  No.  4 

Measures  output  voltage  of  Y  axis  compensator  driver  Number  2. 

monitoring  limctions  arc  provided  to  elicck  on  the  proper  operation  of  tlie  Nutatron  and  Test 
Hlectronies  or  to  provide  indications  of  any  system  malfunction. 
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UHTAIL  DFSCRIRTION  OF  NUTATRON  TEST  ELECTRONICS 


The  Nutatron  lest  electronics  was  designed  for  the  specific  purpose  of  operating  and  evaluat¬ 
ing  the  instrument  in  the  laboratory.  Maximum  llexibility,  ease  of  packaging  and  troubleshooting 
at  minimum  cost  were  the  principal  objectives  for  this  exploratory  development  effort.  The  follow¬ 
ing  design  approach  and  guidelines  were  used  in  the  design  and  fabrication  of  the  Nutatron  test 
electronic  circuits  to  achieve  these  goals. 


I.  Design  Approach  and  Guidelines 

a.  The  electronic  circuits  are  packaged  and  arranged  to  allow  ready  access  to  all 
components  for  ease  of  maintenance. 

b.  Access  is  provided  to  all  of  the  circuit  board  connectors  for  monitoring.  Each 
connector  has  I  6  pins  available  for  monitoring  inputs,  outputs,  and  supply 
voltages. 

c.  No  special  attempt  was  made  to  minimize  the  size  of  die  electronics  package. 
The  circuits  are  reasonably  compact  without  being  overcrowded. 
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cl.  The  circuits  ;ire  ruuucd  enoiii;h  to  withstand  shipping  and  handling  but  are  not  to 
be  subjected  to  shock  or  vibration  tests. 

e.  The  circuits  are  designed  to  operate  in  a  moderately  clean,  temperature  controlled 
laboratory  environment,  and  are  not  to  be  subjected  to  e.xteiuled  lemperature 
testing. 

f.  Standard  designs  and  eomponents  are  used  wherever  possible  to  simplil'y  overall 
design  and  maintenanee.  I'or  example,  a  standanl  Iransrormerless  demodulation 
design  is  used  throughout,  and  the  I  M  201 A  is  used  as  Ihe  standard  operational 
amplifier  in  all  circuils  rei|uiring  a  general  purpose  o|H'rational  amplifier. 

g.  Commercial  grade  components  are  used  throughout. 

2.  Nutatron  Test  hlectronics  Circuit  Description 

The  electronic  circuits  are  described  in  this  section  to  explain  their  I  unction  and  to 
highlight  the  special  techniciues  to  minimize  error  mechanisms  at  the  Nutatron  frecjiiency  (2^  +  2^2). 
As  a  result  of  the  extensive  investigative  analysis  and  test  effort,  the  performance  degradation  con¬ 
tributed  by  the  electronics  has  been  held  to  a  negligible  level.  The  circuits  are  illustrated  in  detail 
in  Appendix  Ill. 


a.  Constrainment  Loop 

The  Nutatron  is  operated  in  a  rate  constrained  mode.  Dellcctions  about  the  x 
anil  y  axes  are  sensed  by  capacitance  pickoffs.  The  resulting  signals  are  processed  by  the  piekoff 
electronics  and  supplied  to  the  dc  lorquers  to  make  the  gyroscopic  element  follow  the  case.  The 
response  of  the  loops  is  set  to  provide  high  gain  at  dc.  The  response  falls  off  quicklv  so  the  loop  is 
open  at  the  Nutatron  signal  frequency  (20  11/.)  to  allow  the  Nutatron  oscillation  to  exist.  The  circuit 
blocks  that  constitute  the  constrainment  loops  are  shown  in  Section  A  of  Figure  1  I. 

( 1 )  Piekoff  Circuit  (Figure  1 7) 

The  Nutatron  utilizes  a  capacitance  piekoff  system  to  detect  relative  motion 
between  the  case  and  the  gyroscopic  element.  The  piekoff  capacitors  are  connected  in  a  Wheatstone 
type  bridge  which  is  excited  by  200  kHz.  Motions  of  the  case  produce  a  200  kHz.  bridge  unbalance 
signal  which  is  proportional  to  the  denection  of  the  case  with,  respect  to  the  gyro  element. 

An  IC  differential  amplifier  amplifies  the  piekoff  signal  and  isolates  the 
bridge  from  loading.  The  amplifiers  for  the  x  and  y  axes  are  mounted  inside  the  gyro  rotating 
housing.  Their  outiuits  are  passed  through  slippings  bclV  re  exiting  from  the  gyro.  The  gyro  piekoff 
signal  is  fed  to  a  200  kHz.  demodulator. 

(2)  200  kHz  Demodulator  (Figure  18) 

The  piekoff  signal  is  demodulated  at  200  kHz  to  remove  the  carrier  signal 
and  provide  a  steady-state  signal  proportional  to  the  relative  position  of  ihe  gyroscopic  element  in 
the  rotating  case.  The  demodulation  is  aecomiilished  by  synchronously  switching  a  field  effect 
transistor.  A  OV  to  -lOV.  200  kHz  refereife  signal  is  applied  to  the  gate  of  the  demodulator  switeh- 
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iiig  tiiinsistor.  riiis  transislor  Ikis  a  vcr>  low  saliiratioii  ivsistaiicL'  when  tlie  iiatc  voltaeo  is  aiiove-S 
volts,  and  switelies  to  very  high  resistance  for  voltag's  below  -S  volts,  riiererore,  it  Ix'coines  a 
slnnit  switch  to  groiiiui  every  half  cycle  of  the  200  kll/..  The  resultant  oulind  is  a  hall-wave 
reetiried  200  kll/.  output  whenever  a  200  kll/.  signal  is  present  at  the  input.  This  output  is  sub¬ 
sequently  filtered  to  remove  the  200  kHz  carrier.  Figure  1 8  is  a  representation  of  the  waveforms 
seen  at  points  A,  B  and  C  of  the  demodulator  circuit.  The  200  kHz  demodulators  are  located  on  the 
Nutatron  Holding  Fixture.  Figures  lll-l  and  HI-2  of  Appendix  III  give  the  details  of  the  circuit  and 
its  layout. 

( 3 )  Fickoff  Amplifiers  (Rotating  System  dc  Amp)  (Figure  I 

In  addition  to  providing  gain  in  the  constrainment  loop,  the  pickoff 
amplifiers  are  also  used  to  block  dc  signals  in  the  rotating  system.  'I'hese  signals  represent  the  position 
of  the  gyroscopic  element  with  respect  to  the  rotating  case  and  become  Q.  signals  upon  resolution 
into  the  fixed  (nonrotating)  system.  Feeding  these  signals  back  through  the  torquer  tightly  constrains 
the  gyroscopic  element  to  the  rotating  case.  Fhis  conllicts  with  the  operation  of  the  axis  alignment 
loops  which  are  described  below.  In  the  overall  loop  response,  the  blocking  action  of  the  ilc 
amplifier  introduces  a  notch  at  Otherwise  the  loop  response  is  unaffected.  These  amplifiers 
also  incorporate  a  notch  at  the  rotor  frequency,  (/(which  results  from  dynamic  unbalance  of  the 
rotor).  The  !(/  frequency  signal  component  is  blocked  before  it  is  iiassed  through  the  pickoff 
resolver  (see  below),  which  would  convert  it  to  a  signal  at  (t'  +  12).  Subsequent  second  harmonic 
electronic  distortion  would  generate  an  error  signal  at  the  Nutatron  signal  frequency  (  2(/  +  212). 


Figure  19.  Pickoff  Amplifier 

As  shown  in  Figure  19,  li/  frequency  components  in  the  signal  are  greatly  attenuated  by  the  In 
notch  (Twin  T)  filter.  The  buffer  amplifier  provides  the  reijuircd  high  output  impedance  for  the 
notch  filter.  The  dc  component  in  the  output  signal  of  the  buffer  amplifier  is  blocked  by  the 
capacitor  Cg.  Amplifier  e  provides  further  gain  and  high  frequency  roll-off.  The  complete 
schematic  and  layout  of  the  circuit  are  Figures  HI-31  and  II 1-32,  Appendix  Ill.  The  pickoff  amplifiers 
are  located  on  circuit  board  number  15. 

(4)  Rotating  to  Fixed  Coordinate  Axis  Resolution 

Kesolnlion  of  the  output  t»f  the  pickofis.  which  .iiv  attached  to  the  rotating 
case,  into  the  fixeil  t  nonrot. iting)  system  is  carricil  out  by  an  electromech.nncal  lesoKk'i  driven  at 
iL  by  the  rot. iting  case  I’.iss.ige  ol  the  low  lri'i|iienc\  sign.ils  ol  tiu'  pickoll  svsiein  Ihroneh  the 


rosolver  rc(|uircs  tluit  the  signals  lie  inoilulaied  by  a  higher  I'requeney  earlier  (  1.25  kll/)  and 
demodulated  afterwards.  The  eireiiitry  shown  in  Figure  20  aceomplishes  this.  The  eireiiitry  eonsists 
of  a  modulator,  a  ilriver  amplifier  to  drive  the  low  impedanee  of  the  resolver  winding,  a  I'i.xed  system 
amplifier  and  a  demodulator  for  each  axis  (see  Figure  20). 
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Figure  20.  Rotating  System  to  Fixed  System  Coordinate  Resolution 


(a)  Modulator 

The  moilulator  is  an  integrated  eireuit  multiplier  ( Al)  5.^0),  whose 
output  is  proportional  to  the  product  of  the  two  inputs.  In  Figure  20, 

OxR  represents  the  rotating  system  x  axis  pickoff  signal. 

A  sin  c^;^.t  is  the  1 ,25  kll/.  carrier  signal.  The  output  of  the  multiplier 
is  the  product  of  the  two  signals  divided  by  10. 

Vout  = 

(  b)  Driver  Amplifier 

The  resolver  driver  amplifier  is  an  integrated  eireuit  operational 
amplifier(LM  201  A),  whose  gain  is  IV/Vat  1.25  kll/. 

(e)  Fixed  System  Amplifier 


The  fixed  system  amplifier  provides  gain  aiul  phase  splitting.  It  consists 
of  an  operational  am|ilifier(  l.M  201  A)  whose  gain  is  .T3  V/V.  followeil  by  a  unity  gain  inverter 
(see  I'igure  21 ). 
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Figure  21.  Fixed-Axis  Amplifier 
(d)  Demodulator  (Figures  22a  and  22h) 

Tlie  demodulatirr  is  retiuireti  to  remove  tlie  1 .25  kli/.  earrier  ami  iirovule 
an  analog  signal  proportional  to  the  position  of  the  gyroseoitie  element  relative  to  the  fixed  housing 
coordinate  system.  It  consists  of  an  integrated  circuit.  DPS  T.  J-FIT  switch  anil  driter.  Ibllowed  hy 
an  operational  ampliHer. 

The  outputs  of  the  fixed  axis  amplifier  ( and  Vy)  are  apiilied  to 
inputs  A  and  B  respectively  (Figure  22a).  The  solid-state  switch  alternately  connects  .A  to  C  then 
B  to  D,  each  for  one-half  cycle.  The  resultant  waveforms  ( V^-  and  are  seen  in  Figure  22b.  These 
voltages  are  applied  to  the  input  resistors  of  the  operational  amplifier,  which  adds  the  demodulated 
signals,  supplies  gain,  and  attenuates  the  carrier  frequency  (  1.25  kll/.)  with  a  high  frequency  roll-off 
filter. 

(5)  Integrator  ( Figure  23) 

The  torquing  integrator  provides  a  high  constrainment  loop  gam  at  dc.  I'he 
gain  falls  off  at  6  dB/octuve  up  to  2  rad/sec  and  levels  off  at  that  point.  The  integrator  consists  of  an 
operational  amplifier  (LM  201  A)  with  the  input  and  feedback  components  arranged  as  shown  in 
Figure  23.  The  high  loop  gain  iireceding  the  integrator  provides  an  input  sensitivity  of  3  inv's^e 
The  important  consideration  in  the  design  of  this  integrator  stage  is  to  ensure  that  its  iiqnit  noise 
voltage  and  low  frequency  drift  do  not  cause  significant  precession  rales  in  the  0  to  0.1  rad  sec 
range.  The  I.M  201  A  input  noise  spectral  density  below  10  11/  is  primarily  of  the  form: 
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(b)  Typical  Demodulator  Waveforms 


Figure  22.  Standard  Demodulator 


Hull  ;nv  iinpoilaiil  aiv  tlio  oiiliml  capahiliiK's  ol  '  |()()  ma  al  '  10  volts.  A  his:h  ciirivnl  oporalional 
amplil  ior  l  Oiirr-Browii  .U)4.V'  1  is  iisod  I'or  this  application  aiul  is  conncdcil  as  shown  in  I'ititnc  24. 

1  his  ainpliricf  is  identical  to  the  anipliriers  used  to  drive  the  spring  rate  compensati'r  eoils. 

rite  layouts  and  scheniaties  of  (he  constrainnient  loop  circuits  which  are 
discussed  in  this  section  are  shown  in  the  I'ollowing  I'igurcs  of  Appendi,\  111. 

(a)  I’ickoi  r  Amplillers  -  Hoard  No.  15 

Seheinatie  -  Figure  111-31 

Hoard  Layout  -  Figure  111-32 

(b)  Modulators,  Resolver  Drivers,  Fi.xeil  Axis  Anipliriers  -  Hoard  No.  I  b 

Schematic  -  Figure  111-33 

Hoaial  Layout  -  Figure  111-34 

(c)  DenuHlulators,  Integrators,  I'ortiuer  Ainplifiers  -  Hoard  No.  I  7 

Schematic  -  Figure  111-35 

Hoard  Layout  -  Figure  111-36 

b.  Nutatron  Signal  Detection  Flectronics  (Figure  1  1 ,  Section  H) 

The  Nutatron  responds  to  imposed  precession  rates  with  minute  oscillations  at 
the  Nutatron  t'rer|uency  (2i-'+  2^2).  The  amplitude  of  these  oscillations  is  proportional  to  the 
precession  rate  and  constiltites  the  output  information  in  the  rate  capture  mode  of  operation. 
(Appendix  1  of  the  report  gives  a  theoretical  relationship  for  the  Nutatron  signal.)  Originally,  the 
amplitudes  of  the  oscillations  at  the  sine  and  cosine  phase  were  detectetl  open  loop  with  synchronous 
demodulators  atul  their  outputs  constituted  the  indicated  Nutatron  precession  rates. 

To  eliminate  the  effect  of  long-term  gain  and  phase  variations  of  the  piekoff 
electronics,  the  outputs  of  the  demodulators  are  now  further  integrated  with  operational  amplifiers 
and  reniodulated  to  produce  a  tortpiing  current  which  is  introduceil  into  the  aireore  toripiing  eoil. 

In  the  steady  state,  the  Nutatron  fre(|uency  ton|ue  rebalance  loops  stop  the  oscillations  at  the 
Nutatron  freciuency,  and  the  integrator  output  voltages  represent  the  indicated  precession  rate.  The 
following  circuits  make  up  the  Nutation  signal  detection  electronics. 

( 1 )  Nutatron  Signal  Amplifier  (Figure  25) 

rite  Nutatron  signal  amplifier  is  a  three-stage  amidifier  iiroviiling  gain  I'f 
30  V/V  in  the  frequency  band  between  2  11/,  ami  <S0  II/.  The  response  rolls  ol'f  at  6  dH'oetave 
below  2  11/  and  12  ilH/octave  above  80  11/,  In  Figure  25,  amplifiers  I  and  2  provide  the  bandpass 
amplification,  and  amplifier  3  is  a  unity  gam  inverter.  Standard  operational  amplifiers  ( l.M  201) 
are  used  tor  amplifiers  I  and  2.  Amplifier  3  is  a  chopper  stabili/ed  operational  amplifier  (AD  233t. 
This  amplifier  has  a  very  low  and  very  stable  dc  offset,  and  therefore  contributes  no  significant 
error.  a\  dc  offset  of  amplifier  2  is  inverted  by  amplifier  3,  and  since  the  outputs  of  both  amplifiers 
are  fed  to  the  full  wave  demodulator,  the  offset  of  amplifier  2  is  cancelled. 

(2)  Nutatron  Signal  Demodulators  and  Integrators  (Figure  26) 

The  outinits  of  the  Signal  Amplifier  are  denunlulateil  simultaneously  al 
sin  ( 2i'  +  2F2)1  and  cos  ( 2/-'  +  2S2)t  and  aiiplied  to  the  integrator  inputs.  I  n  the  eloseil  loop  torque 
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Figure  25.  Niitatron  Signal  Amplifier 
Solid  State 


Figure  26.  Nutatron  Signal  Demodulators  and  Integrators 


ivh;il;iiiLL-  iiuido  of  i)|HM;iIi()ii.  tlio  outpiils  id  IIk'sc  Iwd  iiili\unitois  (iil'U-i  rilli'iini:)  ,\  n'lil  tlii'  Nutation 
pivci.'ssioii  rate  siiinals.  Output  I  ivpiVM'uts  the  aiiiuilar  rati' alnuit  one  of  tin- si'iisitiw  aM's;  output 
I  ii'pivsi'uts  till'  aniailar  rati'  about  tlii'  othi'r  tortliououal)  si'iisitivi'  avis.  I'lii'  Nutation  signal 
level  at  the  iiiteerator  inputs  is  approvimately  10  mv  l2/'+  2il  at  resoiiauee)  per  ileu/hr.  In  order 
to  keeji  the  error  eontrilnited  by  the  eleetronies  well  below  that  of  the  sensor,  it  is  neeessary  to 
keeji  the  input  olTset  voltae"  I'roni  all  sourees  to  a  level  below  the  equivalent  of  0.01  deii;hi'(  IOO/jV). 
'rheie  are  three  eleetronie  sourees  eouti ibutiiij:  to  the  iiileurator  input  olTset  error: 

(a)  Niitatron  Sienal  Amplilier  olTset 

(b)  Demodulator  switch  olTset 

(e)  Integrator  input  voltage  and  current  olTset. 

The  elTect  ol'olTsets  in  the  .Signal  .Xmpliricr  are  mininii/.ed  by  using  a  chopper  stabili/ed  operational 
amplifier  (.AD  for  the  unity  gain  inverter  (A3,  Figure  25).  This  inverter  generates  a  voltage 
o|iposite  in  polarity  to  a  de  offset  at  Output  1.  Outputs  I  and  2  are  passed  through  the  demodulator 
switch  (Figure  2b),  and  appear  at  the  integrator  input  summing  resistors.  Sinee  the  two  are  equal 
in  magnitude  and  of  opposite  polarity,  the  net  effect  of  an  offset  at  Ou'init  1  is  near  zero,  fhe 
only  uneompensaled  offset  voltage  from  the  Signal  Amplifier  is  that  from  A3,  which  is  less  than 
25  /rV,  with  a  temperature  coefficient  of  <0.5  /aVt°('. 

The  demodulator  switch  offset  voltage  is  caused  by  leakage  eurrent  from 
the  switch  driver  into  the  switch  (  -  0.5  .\  ICT'^  amp)  and  from  ;i  switching  transient  caused  by 
switch  turnoff.  This  switching  transient  causes  an  e(|uivalent  average  current  of  approximately 
1  X  KT’  amp.  The  maximum  total  current  thus  equals  1.5  x  amp.  This  results  in  a  voltage 

o  I K4  . 

equal  to  2  x  1.5.x  KF^  x( - ).  see  Figure  26,  or.  3  x  KF’  x  lO**  =30 /rV.  Ihisollsel 

R  I  +  R4 

voltage  has  a  tem|ierature  coefficient  of  approximately  I  juV  per  °C’. 

fhe  remaining  integrator  offset  is  eaused  by  the  input  offset  voltage  of  the 
integrators  (<  50  jaV)  and  the  produet  of  the  offset  current  times  the  input  resistance:  50  x  KF‘  “ 

X  5  X  10“’  =  2.5  fiV.  Therefore,  the  maximum  untrimnied  integrator  olTset  is  seen  to  be  approxi¬ 
mately  100  juV  (0.01  deg/hr)  with  a  maximum  temperature  coefficient  of  approximately  2.5  pV 
per  °C  (0.00025  deg/hrrC). 

(3)  Nutatron  Signal  Modulators  and  ac  Torquer  Driver  (Figure  27) 

The  Nutatron  Signal  Modulators  convert  the  integrator  outinit  signals  to 
torque  rebalance  signals  at  the  Nutatron  frequency.  {2u+  2T2).  Fach  modulator  generates  a  signal 
at  2v+  2i2  whose  amplitude  is  jiroportional  to  the  dc  at  the  integrator  output  (assuming  a  constant 
amplitude  reference  input  at  2n+  2T2).  The  modulators  are  Analog  Devices  Model  426A  multi¬ 
pliers  whose  outputs  are  the  product  of  their  two  inpuis  divided  by  ten. 

The  output  of  Multiplier  I  is 

Vi 

— —  A  sin  (2^'-^  2J2)t,  and  that  of  Multiplier  2  is 


Figure  27.  Nutatron  Signal  Modulator'  'nd  ac  Torquer  Driver 


Tlie.se  signals  are  simiined.  aniplit'ied,  and  converted  to  a  current  through  the  ac  torquer  equal  to 

AK  r  ‘ 

I  l-  sin  ( 2!-' +  2i2)t  +  V;  cos  (  2(-' +  2^2 )] 

will  re 

I I  is  the  total  ac  torquer  cunenl. 

A  is  the  amplituile  ol  the  (  2/’  +  2S2)  nioilulalor  rel'crenee  signals. 

K  is  the  ac  torquer  driver  ainplit'ier  gain. 

In  closed  loop  operation  this  is  the  torquing  current  rei|uired  to  slop  the  oscillations  at  the  Nutatron 
rrequcncy  and  thus  null  the  integrator  inputs  (within  the  electronic  offsets). 

Since  the  integrator  outputs  (after  filtering)  are  the  angular  rate  readout 
signals,  errors  in  the  Modulators,  ac  ron|uer  Driver  Amplifier,  and  Torquer  residt  directly  in  reailout 
errors.  These  error  sources  must,  therefore,  he  kept  low  so  that  their  effect  is  insignificant  coni]  ared 
to  the  total  instrument  eiioi  The  Nutatron  is  usually  tested  in  mientations  such  that  the  rate  input 
to  one  ol  the  ininil  a\es  is  nnlleil  and  the  other  nu-asures  a  component  ol  earth  lale  ( liolh  inputs 
are  milled  at  the  polar  axis  orientation).  I'he  lollowing  is  a  discussion  ol  the  Nutatron  detection 
electronics  error  sources  and  an  estimate  of  their  maximum  effect  on  iiulicaletl  performance 
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(a)  C'liant;os  in  Amplilmlo  ortlio(2n+  20)1  Mi)tliilattn'  Rcloa'iiLi.'  Signals 

Any  L'hantio  in  ivl'oivncc  amplitmiL  causes  a  corrcspoiulini;  clianuc  in 
integrator  output  amplitude  so  tliat  |rroduet  of  ilie  two  remains  constant.  This  |irohlem  is  minimi/.cil 
liy  controllini;  the  amplitude  of  the  ( 2n  +  2Sl)t  rel'erence  siimal  to  0.0 1'r  of  normal.  The  ma.ximum 
error  caused  by  this  source  is  therefore  in  the  order  ofO.OI'A  of  the  input  precession  rate  or  0.0015 
deu/hr  with  the  Nutation  oriented  to  measure  the  whole  earth  rotation  vector.  In  the  ab.sence  of  an 
input  rate  (I'olar  ancle  orientation)  this  error  .source  constitutes  no  readout  error. 

(h)  Phase  Stability  of  the  Nutation  bretiuency  (2^+  2i2)  Reference  Signals 

for  Modulators 

fhe  phase  of  the  demodulator  reference  signals,  A  cos  (2/-’+  2^20  and 
A  sin  (  2n  +  2S2)t  {f  igure  27)  determines  the  orientation  of  the  two  measurement  axes  with  I  'spect 
to  the  ininit  rate.  It  is  tlesirable  to  have  the  two  phases  as  orthogonal  as  possible  and  their  phase 
relation  constant.  The  reference  generation  circuitry  described  in  Section  'V.C.2.f.(S)  maintains 
the  phase  stability  to  better  than  one  minute  of  arc  with  a  temperature  coefficient  0.3  minute  of 
arc  per  The  maximum  error  fiom  this  source  is  therefore: 

1  5  ileg/hr  x  0.0003  =  0.0045  deg/hr  . 

(c)  Multiplier  Scale  I'actor  Variations 

Changes  in  scale  factor  of  the  multipliers  cause  corresponding  changes 
in  the  integrator  outputs,  and  thus  result  directly  in  readout  scale  factor  errors.  The  Model  42bA 
multiplier  has  a  scale  factor  temperature  coelficient  of  0.03'7/“C.  With  an  angular  input  rate  of 
15  deg/hr  (earth  rate),  the  readout  temperature  sensitivity  caused  by  this  effect  is  less  than  0.0045 
deg/hr/°C. 


(tl)  Multiplier  Nonlinearity 

Multiplier  nonlinearity  results  in  readout  errors  that  are  dependent  on 
signal  level.  The  426A  multiplier  has  a  specified  maximum  nonlinearity  of  0.3''f  of  full  scale.  This 
would  result  in  an  error  of  0.045  deg/hr  at  15  deg/hr.  Nonlinearity  does  not  affect  re|ieatability  or 
stability  data.  It  does  enter  into  a  g  and  g’  sensitive  drift  determination.  With  the  recommended 
sensor  performance  improvements  better  multipliers  will  have  to  be  used. 

(e)  Multiplier  Feedthrough 

The  feedthrough  of  (2r+  2F2)i  reference  signals  to  the  output  of  the 
multipliers  will  result  in  a  pro|X)rtional  readout  error.  In  the  toripie  rebalance  mode,  this  feedthrough 
signal  causes  an  integrator  output  offset.  The  Model  42bA  Multiirlier  has  a  maximum  feeilthrough 
of  5  mv  pp  (2n+  2^2).  The  multiirlier  output  scale  factor  is  0.7  Vpp/deg/hr;  therefore,  this  feed¬ 
through  error  is  equivalent  to 

1  ileg/hi 

- -  X  5  X  1(F’  V  =  (),0()7  deg,  hr. 

0.7V 

The  temperature  sensitivity  is  1  mv  pp/°C.  or  0.0014  ileg  hr/'^C  ( maximum ). 
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(It  Toniiicr  Driver  ( i;iin  (liaiiuos 


I  lie  I  orquer  Driver  Ainplilier  (  LM  201  A)  is  ;i  leedhiiek  oiu'iiilional 
aniirlifier,  whose  eiirrent  eain  is  tlelermiiieil  primarily  hy  tlie  input,  samplinii.  aiul  leeilbaek  resistors. 
Standard  I'/  100  I'lpm/'^C  metal  film  resistors  are  used  lor  this  appliealion;  tlierel'ore.  the  ma.xiimim 
error  eontrihiiterl  hy  the  I Oniuer  Driver  is  0.001  S  ilefi/hr/  ('  lor  an  input  rate  of  I  dee;hr. 

(g)  ae  I  orqner  Seale  l  aetor  ('hanees 

I  he  ae  1  onpier  eonsisis  of  an  an  eore  eoil  mounted  on  the  fixed  honsine 
'jf  the  Nutation,  aiul  ,i  permanent  maenet  loealeil  on  the  siispendeil  Nutation  element,  Ciirrent 
through  the  coil  generates  a  magnetic  fielil  which  interacts  with  the  permanent  magnet  causing  a 
torcpie  on  the  suspended  element.  The  current  through  the  coil  is  determinerl  hy  the  I'onpier 
Driver  Amplifier  gain  and  input  voltage  and  is  independent  of  the  eoil  resistance.  Therefore,  Ihe 
principal  source  of  tonpier  error  is  the  temperature  sensitivity  and  aging  of  the  permanent  magnet. 
Tests  performed  with  the  Nulatron  have  shown  this  sensitivity  to  he  0.1S'f/‘'C;  that  is,  the  readout 
scale  factor  changes  0. 1  X'v  °C  when  the  Nulatron  internal  temperature  is  changed  hy  supplying 
current  to  the  Nutatron  heaters 

Table  111  is  a  summary  of  the  errors  discussed  in  this  section.  Coinpari.son 
of  these  error  magnitiulcs with  actual  test  results  (Section  V)  indicates  that  their  contribution  to 
the  total  error  is  insignificant  except  for  the  ac  Toniuer  scale  factor  temperature  sensitivity.  'The 
test  results  also  show  that  there  is  no  measurable  difference  in  performance  of  the  nulled  axis  and 
the  axis  measuring  earth  rate. 


TABLE  111.  SUMMARY  OE  ERROR  SOLIRCIiS  IN  NUTATRON  SIGNAL 
MODULATORS,  TOROUliR  DRIVERS,  AND  AG  TOROl'IUGS 


Error  Source 

Readout  Error 

Error  Magnitude 
(Maximum) 

Axis  Affected 

(2i’  *  2S2)  I  Reference 
Amplitude  Instahility 

Scale  Factor  Chanrje 

0.0015  deg/lir  pp  random 
ness  at  15“/hr  input 

Full  Eat  th  Rate  Axis 

(2i'  r  212)  t  Reference 

Phase  Instahility 

Sensitive  Axis 

Orientation  Shift 

0.0013  deg/hrGC 

at  15'^/hr  input 

Null  Axis 

Multiplier  Scale  Factor 

Scale  Factor  Change 

0.0045  dey/hr/°C 

at  15  /hr  input 

Full  Earth  Rate  Axis 

Multiplier  Feedthrough 

Systematic  Drift 

0.007  deg/hr 

0.0014  duy/hi/  'C 

Both  Axes 

Multiplier  IMon-Linearity 

Readout  Non-Linearity 

0,3%  of  reading 

0.045  deg/hr  at  15  deg/hr 

Earth  Rale  Axis 

Torci"er  Driver 

Gair  .nstabiiity 

Scale  Factor  Chanye 

0.0015  deg/hr 

at  15  deg/hr 

Eai  th  Rate  Axis 

AC  Torguer  Scale 

Factor  Change 

Scale  Factor  Change 

0.027  deg/hr  "C 
at  15  iley/hr 

Earth  Rate  Axis 
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TIk'  layouts  ,iiul  '.clk-m.ilics  ol'  the  Nutiitron  Sieiial  Detection  ami  1  orcjiie 
Rehalanee  Dleetionies  are  sliown  on  the  I'ollowiiig  figures  of  Appendix  III; 


t  I )  Nutation  Signal  Amplifier.  Demodulator.s,  and  Integrators; 

Hoaixl  Numher  IS 
Seheniatie:  I'igurc  111-37 
Board  Layout;  i-igure  111-38 

(1)  Nutatron  Signal  Modulators  and  ae  Torc|uer  Driver; 


Hoaril  No.  31 
Schematic;  Figure  111-43 
Board  Layout:  Figure  111-44 

(3i  Nutatron  Output  Signal  I'ilter 

Single  |K)le,  active  filters  using  chopper  stahilizeil  operational  amplifiers 
I  Analog  Devices  Model  233)  are  usetl  to  provide  a  I  rad/min  rolloff  for  the  precession  outimt  signals. 
The  l-miiuite  time  constant  is  short  enough  to  permit  demonstrating  the  fast  reaction  capability  of 
the  Nutatron  from  a  cold  start,  and  yet  eliminates  much  of  the  higher  frequency  noise  from  the 
drift  recordings.  The  filters  (Figure  28)  luive  provisions  for  nulling  the  systematic  drift  offsets 
discussed  in  previous  sections.  They  also  provide  summing  points  for  the  acceleration  sensitive 
drift  compensation  signals  discus.sed  in  Section  IV.C.2.h.  The  layouts  and  .cchematics  of  the  Nutatron 
Signal  Filters  are  shown  on  the  following  figures  of  Appendix  111: 


Board  No.  19 
Schematic:  Figure  111-39 
Board  Layout:  Figure  111-40 


Acceleration 
Sensitive 
Correction  Inputs 


Nutatron  Signal 
Input 

(From  Nutatron  Signal 
Integrator  Output) 


30 /if 


Systematic 
Drift  Compensation 


Figure  28.  Nutatron  Signal  Filter 


c.  Rotor  Speed  Control  1  oop 

An  eddy  current  motor  drives  tlie  Niitntron  rotor.  I'liis  type  of  motor  wus  selected 
in  preference  to  a  synchronous  motor  for  noise  considerations,  rite  tradeoffs  for  low  noise  were  a 
high  slip  and  large  changes  in  sjx'ed  for  slight  changes  in  load  toniue.  fo  prevent  these  speed 
changes  a  servo  loop  (Section  C,  Figure  I  I )  controls  the  rotor  speed  to  0.01%. 

The  speed  control  loop  consists  ol  a  capai  itance  speeil  detector,  a  constant  area 
pulse  generator,  a  comparator  and  integrator  and  a  three-phase  spin  motor  power  supidy.  The  loop 
operates  by  converting  the  detecteil  speed  to  constant  area  pulses  at  twice  the  spin  speed  (2n),  com¬ 
paring  the  net  area  of  these  imlses  to  .1  /ener  reference  aiul  adjusting  the  amplitude  of  the  spin 
motor  excitation  voltage  . 

(  I  )  Rotor  Speeii  I'ickoff 

The  speed  of  the  rotoi  is  detected  by  measuring  the  capacitance  betw'cen  a 
plate  mounted  on  the  inner  w'all  of  the  housing  and  the  rotor,  'fhis  capacitance  changes  at  twice 
per  revolution  by  increasing  each  time  one  of  the  inertia  mas.ses  of  the  rotor  passes  by  the  plate. 

The  pickoff  plate  is  connected  as  one  arm  of  a  caimcitance  bridge  so  that  the  bridge  is  unbalanced 
twice  during  each  revolution  of  the  rotor.  The  britlge  is  exciteil  by  25  kHz  and  the  bridge  output 
signal  is  amplified  by  the  circuit  shown  in  Figure  29a.  The  preamplifier  output  is  an  amplitude 
modulated  25  kHz  signal  (Figure  29b)  which  is  near  null  for  the  most  of  the  rotor  cy.,le  and  increases 
sharply  in  atnplitude  as  an  iticrtia  mass  passes  the  inckoff  plate.  The  25  kllz  parallel  tuned  circuit 
across  the  bridge  provides  some  tuning  of  the  bridge  at  25  kllz.  This  reduces  the  effect  of  noise 
pickup  on  the  lead  which  connects  the  Rotor  I’osition  Pickoff  Plate  inside  the  Nutation  to  the 
remainder  of  the  bridge,  which  is  located  on  the  Nutatron  Holding  Fixture. 

(2)  25  kllz  Amplifier-Demodulator  (Figure  30a) 

The  25  kHz  amplifier  is  a  tuncii  25  kHz  amplifier,  w'hich  provides  I  5  V  V 
at  25  kllz.  The  25  kllz  demodulator  is  composeil  of  the  demodulator  switch  (D(i  1X7)  and  the 
difference  amplifier.  A2  (  LM  201  A).  The  low-frei|uency  ilrift  of  this  demouiilator  is  not  critical: 
therefore,  the  standard  demodulator  design  was  simplified  to  provide  synchronous  lull-wave 
rectification  of  the  25  kllz  amplifier  output  sign.il  by  alternately  switching  to  the  inverting  and 
noninverting  inputs  of  Ai.  During  the  positive  hall  cycle.  Sj  is  closed,  and  an  amplifieil  version  of 
the  signal  appears  at  the  output  of  A^.  During  the  negative  half  cycle.  S,  is  closeil,  and  an  inverted, 
amplified  version  of  the  out|Hit  of  A,  appears  at  the  output  of  A,.  In  this  manner,  the  full  wave 
rectification  is  accomplished.  The  output  of  A,  is  then  filtercil  to  remove  the  25  kHz  carrier,  and 
what  remains  is  a  small  pulse  each  time  a  rotor  inertia  mass  passes  the  n  tor  position  pickoff  plate. 

(3)  2v  Pulse  Generator  (Figure  30b) 

The  rotor  position  pulses  are  amplified  by  A ,  and  A„  ami  ct)n verted  to  a 
sharp  rectangular  positive  pulse  of4V  peak.  The  combination  of  A  ,  and  A^  provide  g.ain  m  the 
band  between  5  kHz  and  (lO  Hz,  with  i2  dli/oclavc  rolloff  below  5  Hz  and  IX  dli/octave  rolloff 
above  60  Hz.  The  inverting  input  of  the  comparator  ( I.M  2  1  1 )  is  biased  so  that  the  oul|nil  is 
nominally  zero  until  the  most  positive  portion  of  the  rotor  pulse  is  present.  At  that  lime  the  signal 
from  A4  becomes  greater  than  the  reference  voltage  and  the  output  of  A:,  goes  to  i4\'  and  lemaiiiN 
at  that  level  until  the  outinil  of  ,^4  once  again  bccimics  les>  than  the  relerence. 
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response  tor  speed  eonlrol  loop  stability.  'I'wo  control  signals  are  eenerateil  by  the  speed  control 
circuitry:  the  +  control  ( V,  )  signal  causes  clockwise  lorciue  on  the  rotor;  the  -  control  ( X';  ) 
c;iuses  a  counterclockwise  torque  on  the  rotor.  This  type  of  control  is  reriuired  because  the  disc 
eildy  current  motor  has  no  iidierent  self  braking  (see  Technical  Report  Ah' AL-TR-(')b-7()). 

When  power  is  initially  applied,  no  pulses  are  being  generated  by  the  rotor, 
and  consequently  the  output  of  A,  (Figure  dl )  a.ssunies  a  positive  output.  This  causes  a  negative 
14\'  to  appear  .it  the  output  oT  A, .  This  ciuilri'l  sigmil  produces  the  appropriiite  output  Trom  the 
Spin  Motor  Rower  Supply  (see  T'igure  33)  to  cause  the  rertor  to  spin  clockwise.  The  rotor  speed 
increases  until  the  2i  pulse  rate  is  such  that  the  \oll  times  lime  integral  of  llie  2i’  pulse  equals  the 
speeil  relerence  voltage.  Tlie  error  volt.ige  goes  to  zero,  anil  llie  loop  conlinues  lo  eonlrol  aboul 
this  point. 


Figure  32  is  a  plot  of  rotor  speed  versus  time  from  turn-on.  As  is  seen  from 
the  plot,  the  rotor  settles  to  the  operating  speed  in  appro.ximately  si,\  seconds. 

The  rotor  speed  control  circuit  is  located  on  Board  number  7.  T'igure  111-15, 
Appendix  III  is  the  complete  schematic.  Figure  111-16  is  the  board  layout. 


Figure  32.  Rotor  Speed  versus  Time  from  Turn-on 


( 5 )  Spill  Motor  Power  Supply  ( i'igure  33) 


•  Tlie  oul|uits  ol  the  Speeil  Control  Circuitry  (V,  aiul  VC  .  lugure  31)  are 

eoiuerteil  to  ()25  11/  sine  wave  signals  by  Multiplier  I  aiul  Multiplier  2  (see  Figure  33).  Tlie  output 
of  Multiplier  I  is  split  up  into  0  ileg  phase  aiul  -(>()  ileg  phase  signals.  I'liese  signals  are  junver 
ani|iliriei.l  to  suppiv  the  proper  current  drive  to  the  spin  motor.  The  required  three-phase  excita¬ 
tion  is  obtained  by  the  0  deg  phase  (Phase  A),  inversion  of  the  -bO  ileg  phase  to  1 1  20  deg  (Phase  B). 
and  eonneetion  of  the  third  \  winding  to  ground  (Phase  C).  This  |irovides  the  I'loper  |ihase 
rotation  to  cause  clockwise  torque  on  the  rotor.  Counterclockwise  ton|ue  is  proviih'd  by  iiit'.'r- 
chaiiging  the  0  deg  phase  and  -(lO  deg  phase  outputs  from  Multiplier  2;  (he  0  deg  phase  signal  is 
fed  into  Power  /Xmplifier  2.  and  the  -60  deg  phase  signal  into  Power  Amplirier  I .  Control  of  the 
motor  spec'll  is  obtained  because  changes  in  the  ilc  control  signals  at  the  inputs  to  (he  multipliers 
cause  corresponding  changes  in  the  amplitude  of  the  625  II/.  toripie  |iroducing  currents. 

The  Spin  Motoi  Power  Supply  circuitry  is  located  on  Board  1.  Figure  111-3, 
Appendi.x  111.  is  the  schematic,  and  idgure  111-4,  is  (he  board  layout. 

d.  Kcsonancc  Control  Loop 

The  Nutation  is  operated  at  resonance  to  enhance  the  signal  to  noise  ratio.  Be¬ 
cause  of  the  high  Q  of  the  Nutatron,  control  of  the  resonance  operation  is  necessary  to  avoid  changes 
due  to  temperature,  etc.  I'liis  control  is  achieved  by  introducing  a  signal  at  a  frequency  (2;/  +  2S2) 
very  near  the  Nutatron  freiiuency  ( 2t/  +S2  in  the  rotating  case  system)  into  the  gyro  transfer  funclion. 
riie  response  of  the  gyro  is  measured  by  deteeting  the  phase  of  the  x  axis  pickoff  signal  at  this 
sampling  frequency.  The  liigii  Q  of  the  Nutatron  makes  the  phase  of  the  sampling  frequency  very 
sensitive  to  slight  changes  m  the  resonant  frequency.  Adjustment  of  the  resonant  frequency  is  ob¬ 
tained  by  varying  the  current  in  the  eleetroinagnetic  spring  rate  compensators.  This  produces  a 
change  in  the  net  spring  rate  (downward  for  increasing  current  and  vice  versa)  and  in  turn  a  change 
in  the  resonant  frequency. 

The  resonance  control  loop  consists  of  an  amplifier,  a  synchronous  demodulator  to 
detect  the  phase  of  the  sampling  frequency,  an  integrator  to  provide  the  desired  loop  response  and 
current  amplifiers  to  drive  the  eompensator  coils.  The  major  blocks  of  the  loop  are  shown  in 
Section  D  of  Figure  1 1 . 

(1)  Amplifier 

The  Resonance  C  ontrol  Loop  amplifier  provides  40V/V  gain  with  a  low 
frequency  roll-off  of  6  ilB/octave  below  3  II/..  It  consists  of  a  standard  operational  amplifier  stage 
(LM20I  A)  followed  by  a  chopper  stabilized  unity  giiin  inverter  (Al)233).  It  provides  0“  phase  and 
1X0°  phase  outputs  to  the  demodulator  switch. 

(2)  Demodulator 

The  demodulator  switch  (DG  1X7)  is  connected  as  in  Figure  22a.  Its  operation 
and  typical  waveforms  are  as  shown  in  Figure  22b. 
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(3)  Inlc^i'iilor 


riiL'  tli-'iiiodulalor  swilcli  oiilput  signals  aiv  siiniiiK-d  inlo  two  input  icsistors 
of  a  chopper  stabilized  operational  amplifier  I  AD  233 1.  The  integrator  lime  constant  is  set  at  1 .5 
seconds. 

(4)  (.'ompensalor  Driver  Amplifiers 

file  integrator  output  is  feil  simultaneously  into  four  C’ompen.sator  Driver 
Amidifiers.  These  amplifiers  provide  the  eorreet  current  to  the  Spring  Rale  Compensator  coils  to 
maintain  resonant  oiieration. 

The  coils  are  connected  to  the  amplifers  such  that  there  are  two  amplifiers 
for  each  input  axis  and  of  these  two.  one  amplifier  supplies  the  current  to  the  coils  to  produce  a 
eloekwi.se  torcpie  and  the  other  a  eountereloekwise  torque.  (When  the  currents  are  equal,  the  net 
toixiue  is  zero).  The  magnitude  of  the  total  current  determines  the  net  spring  constant. 

The  amidifiers  each  have  a  maximum  output  of  100  ma  de  and  have  a  gain  of 
1  ma/V  I'or  the  resonance  signal  input.  The  nomina)  output  current  of  each  amplifier  is  set  by  means 
of  a  de  reference  voltage  fed  into  a  separate  set  of  input  resistors.  The  resonanee  control  loop  has 
a  range  of  ±  10  ma  de  about  the  nominal  operating  current  of  approximately  40  ina  dc.Burr-Brown 
Model  3043/15  operational  amplifiers  are  used  for  the  Compensator  Driver  Amplifiers. 

The  Resonance  Control  Loop  Amplifier.  Demodulator,  and  Integrator  are 
located  on  Circuit  Board  number  14.  The  Compensator  Driver  Amplifiers  are  located  on  Circuit 
Boaid  luimber  1  2.  Figure  111-29  and  111-30,  Appendix  111  are  the  schematic  and  layout  of  Circuit  Board 
number  14.  Figures  111-25  and  111-26  are  the  schematic  and  layout  of  Circuit  Board  number  1  2. 

e.  Axis  Alignment  Loops 

As  described  brielly  in  Section  IV.A-3,  the  rotor  spin  axis  and  the  housing 
rotation  axis  are  aligned  by  servo  loops.  These  loops  make  use  of  the  Nulatron  action  in  tlie  housing 
rotation  system  to  detect  the  misalignment  and  torque  the  rotor  until  alignment  is  achieved.  The 
torque  is  provided  by  the  spring  rate  comiiensators. 

The  gyro  pickoff  signal  in  the  x  axis  of  the  rotating  system  is  amplified  and 
demodulated  at  sine  and  cosine  phase  of  2i>  to  determine  the  misalignment  about  the  x  and  y  axes 
respectively.  The  demodulator  outputs  ar  •  integrated  and  used  to  bias  the  spring  compensator 
currents  to  produce  the  torejue  necessary  for  alignment.  The  block  diagram  of  these  loops  is  shown 
in  Section  E,  Figure  1  1 . 

(1)  Amplifier 

The  Axis  Alignment  Loop  amplifier  provides  10  V/V  gain  with  a  low  frcHiuency 
rolloff  of  6  dB/octave  below  3  1  Iz.  It  consists  of  a  standard  operational  amplifier  stage  ( LM  20 1 A ) 
followed  by  a  unity  gain  inverter  ( LM  201  A).  It  provides  0  deg  phase  and  180  deg  phase  outputs 
to  the  demodulator  switches. 
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(2)  Demodulators 


I'wo  ilomoilulalors  arc  rc(|uircd  lor  axis  alignment:  one  has  a  sine  2nt 
releienee,  aiul  the  other  a  eosme  2ih  rel'erenee.  I  hese  demodulator  circuits  are  identical  to  the 
resonance  lor)p  ilemodulator  Both  demodulators  are  eneaserl  in  the  same  ilual  in-line  integrated 
circuit  package  ( I )( I  IdO  Bl‘). 

Id)  Integrators 

With  the  exception  of  the  in|nit  and  I'eedback  components  ( i.e..  time  con¬ 
stant)  the  integrators  used  in  this  loop  are  identical  to  the  resonance  control  loojr  integrator.  The 
integrator  outputs  are  supplied  to  the  appropriate  compensation  coil  tiriver  amiilifier  inputs. 

The  Axis  Alignment  Loop  Amplirier.  Demodulators,  and  Integrators  are 
located  on  Circuit  Board  number  2.  Figures  111-5  and  lll-b.  Appendix  III  are  the  schematic  and  boaril 
layout. 

r.  Relerence  .Signal  Generators 

I  he  detection  ol  the  Nutatron  signal  and  the  operation  ol'  the  resonance  control 
and  axis  alignment  loops  reciuire  relerence  signals  relaleil  to  the  rotor  and  housing  rotation  sjH'eds. 
These  signals  are; 

sin  2(^1 
cos  2iA 
sin  ( 2u  +  212)1 
cos  (2r'+212)t 
sin  |(2i.' +  212)t+0| 

Special  electronics  are  incorporated  in  the  test  set  to  ilerive  Ihese  signals.  The 
technique,  which  makes  use  of  analog  multipliers,  is  described  below.  I'he  block  diagram  lor  this 
technique  is  shown  in  Section  F’  ol  Figure  I  1. 

The  2v  pidses  provided  by  the  rotor  speed  detection  circuitry  are  I'eil  to  a  syn¬ 
chronized  oscillator.  The  2v  square  wave  out  of  the  oscillator  is  filtered  to  produce  a  sine  wave 
which  is  phase  shifted  by  90  deg  to  provide  both  sine  2('t  and  cosine  2r't. 

Sine  12t  and  cosine  12t  are  developed  by  introducing  a  steady  slate  signal  at  4.2 
kHz  into  one  of  the  rotating  system  inputs  of  the  pickoff  resolver.  This  produces  a  sin  22t  mod¬ 
ulation  of  4. 2  kHz  at  one  fixed  system  output  of  the  resolver  anil  a  cos  S2t  modula.I  ion  of  4.2  kHz 
at  the  other.  These  signals  are  demodulated  at  4.2  kHz  to  obtain  sin  12l  and  cos  SZt. 

(  1 )  Synchronized  Oscillator 

rite  2n  synchronized  o.scillator  is  a  free-running  multivibrator  \ihich  is 
locked  to  the  incoming  frequency  when  the  signal  from  the  2i’  pulse  generator  is  present.  If  the 
2i'  pulses  are  not  present,  it  runs  at  its  natural  frequency  near  2i’.  This  feature  permits  adiusimenis 
and  evaluation  of  many  of  the  electronics  without  the  necessity  of  running  the  rotor. 


.  £ 
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(2)  Shaping  Circuit 

The  output  of  the  synchroiii/.ci.i  oscillator  is  a  square  wave  wliieh  is  syii- 
ehroiii/.ed  wilii  tlie  rotor  imsition  pulses.  The  shaper  (Figure  34)  converts  this  to  a  sine  wave  by 
removing  tlie  odd  harmonie.s  I'roni  the  square  wave.  Filter  I  (Figure  34)  provides  gain  of  I  V/V 
at  2u.  and  attenuation  of  higher  harmonies  in  proportion  to  the  order  of  the  harmonic.  The  (iv. 
and  lOr'  notches  remove  the  remaining  components  at  these  frequencies.  Tlie  RC  filters  in  com¬ 
bination  with  Filter  I  produce  1 8  dB/oetave  roll-off  for  all  harmonics  above  lOr*.  This  method 
produces  a  clean  sine  wave  of  excellent  phase  stability  with  respect  to  the  rotor  pulses,  which  arc 
the  primary  reference  for  the  Nutatron  System. 

riie  Synchronized  Oscillator  and  Shaping  Circuit  are  located  on  Circuit 
Board  number  6.  Figures  lll-l  3  and  111-14,  Appendix  III  are  the  schematic  and  layout  of  the  circuits. 
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Figure  34.  Shaping  Circuit 
(3)  2v  Reference  Generator  (Figure  35) 

The  2v  Reference  Generator  provides  the  switching  signals  for  the  2i.'  de¬ 
modulators  in  the  Axis  Alignment  loop.  In  order  to  provide  the  proper  switching  of  the  solid  state 
demodulators,  these  signals  must  be  of  the  form; 

0  to  0,5  vdc  for  one  half  cycle,  and 
+  3  to  -F  5  vdc  for  the  other  half  cycle. 

_  ^  .  4v  Zener 
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Figure  35.  2v  Reference  Generator 
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02  Output 


.f»V'  t.i. 


If?*?-- 


The  2f  signal  from  tiie  2/’  Shaping  C'iivuil  is  jhiasc  sliil'tod  so  that  om-  ol'  tlu- 
2i^  demodulator  o'.itputs  in  the  Axis  Alignment  lo(>p  is  proportional  to  the  misalignment  angle  in  the 
rotating  system  x  axis.  This  signal  is  tlien  sliifted  air  addit'onal  dO  deg  so  that  the  other  .Axis 
Alignment  demodnlator  outinit  is  proportional  to  the  misalignment  angle  in  the  rotating  system 
y  axis.  Tlie  sine  waves  are  eonverted  to  the  demodnlator  switching  signals  by  A  |  aiul  A-,  tsee 
Figure  35).  Use  of  the  4  volt  zener  diode  lor  the  leedback  element  in  tlie  operational  amplifier 
circuit  provides  very  high  gain  when  the  diode  is  not  conducting,  clamping  of  tlie  output  to  +4 
volts  when  the  diode  is  conducting  in  the  reverse  direction,  and  -0.5  v  when  the  diode  is  conducting 
in  the  forward  direction.  This  results  in  an  almost  instantaneous  transition  between  to  two  output 
levels  as  the  input  sine  wave  goes  tlirough  tlie  zero  crossings. 

The  2i^  Reference  Generator  circuitry  is  located  on  Circuit  Board  number  5. 
Figures  lll-l  1  and  III-12,  Appendix  111  arc  the  schematic  and  layout. 

(4)  n  Reference  Generator  (Figure  36) 

.Sine  rit  and  cosine  Ut  signals  are  developed  by  feeding  a  low  level  steady 
stale  4.2  kllz  signal  into  the  x  inptit  of  the  pickoff  re.solver  (see  Figure  36).  The  input  signal 
(A  sin  ojt)  becomes  in  the  fixed  system: 

.\  =  A  sin  cot  cos  i2t 

V  --  A  sin  cot  sin  Ht 

These  signals  are  amplified  by  the  fixed  system  amplillers  and  demodulated  by  4.2  kll/  demodulators. 
The  output  of  these  demodulators  ate: 

X  =  B  sin  cot  cos  Ht  sin  cot 
B 

=  —  cosTit(l  -  cos2cot),  and 

B 

V  =  —  sinS2t(l  -  cos  2cot). 


Figure  31.  T2  Reference  Generator 
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in.7  and  111-8  of  Appendix  HI  are  Ihe  seliemalie  and  layoid. 

((,)  2+2il  Aniplitii'-'^'  Control 

Section  IV.C:  discussed  the  need  for  eontrolliii^s  die 
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Figure  2v  +  2^2  Amplitude  Control 
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DtlkT  inpiil  li)  tlic  multiplici'  is  Ills’  aiilonialis-  pain  coiilrol  siuiial  ilcvclops’d  li_\  ths’  inlcpralor  (At  ). 
'I'lio  pain  sonlrol  sipnal  is  ik’vclops’tl  h>  coinpaiinp  Ilk’  oiitpnl  of  Ilk’  ilemoiliilalor  (vvlncli  pcrfornis 
full  \va\L’  rcs’lil icalion  lo  tlic  sipnal  appcarinp  Ilk  mullipllcr  onlpnll  lu  a  ivlVkik’s’  \oltapc 

applis’d  lo  Ilk’  ollk’r  input  ivsislor  of  Ilk’  inlcpi-alor  ( A  i ),  If  Ilk  net  cunvni  inlo  Ills’  inls’pralor 
input  is  non-/.s’ro,  tlis’  nils’pratsii-  oul|iut  is  ilrivs’ii  in  a  ilirs’clion  wliis’li  causs’s  Ilk  inultipiis’r  output 
to  rs’sliis's’  this  ikt  ininil  cnns’iit  to  zero.  1  luis,  the  aveiape  value  of  the  reelifieil  2/'+2J2  sipnal  is 
iiKkle  lobe  eiiual  to  the  re  fere  nee  voltape. 


(7)  I’hase  Shifter 

Sin  I  aiul  eos  (2(-'+2£2)  t  reference  sipnals  are  reiinired  for  the 

Nutatron  Sipnal  Moslulators;  therefore,  a  means  niLisl  he  provirlerl  for  shiftinp  the  eonslani  amplitude 
(2nr2J2)  sipnal  by  hO  deg  without  introrliicing  amplitude  or  phase  instability.  Figure  is  the  cir¬ 
cuit  used  for  this  application.  If  R|  =  R->  the  gain  of  the  circuit  is  1  V/V.  iiulependent  of  the  values 
of  C  ansi  R:j.  riie  phase  shift  is  depenilent  only  on  the  values  of  ('  and  R^.  I-igure  40  is  a  plot  of 
phase  shift  versus  R:;  with  constant  C,  From  the  plot  it  can  be  .seen  that  at  R-^  =  I  OK  the  slope  is 
erpial  to  0.005  deg/ohm.  Metal  film  resistors  ’.vith  a  maximum  temperature  coefficient  of  0.01 '4/ 
deg  C  are  used  for  R| ,  Rs  aiul  Rs.  The  capacitor  (C)  is  a  metallizeil  polycarb  nate  film  capacitor 
which  has  a  temperature  coefficient  of  less  than  0.01 /i/deg  C'  at  room  temperature.  This  results  in 
an  amplitude  stability  of  at  leiKt  100  ppm/ileg  C’  and  a  phase  stability  of  at  least  0.005  deg/C.  This 
is  used  as  the  standanl  rlesign  for  all  the  low  fre(|ueney  phase  shifters  in  the  Nutatron  System. 

'file  2i-’-i-2J2  Amplitude  Control  and  phase  Shifter  are  located  on  C'ircuil 
Board  number  21.  Figures  111-45  and  111-44,  Appendix  111,  are  the  schematic  and  layout  of  this  circuit 
board. 
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Figure  39.  Constant  Amplitude  Phase  Shifter 


in  Ohms 

Figure  40.  Phase  Shil't  versus  Rj  (X^^,  =  1  OK) 
g.  2F2  Nulling  Loop  (Figure  45) 

This  circuitry  detects  motion  of  the  suspeiuied  element  at  t^vice  the  housing  speed 
(2S2)  and  generates  the  required  tor(|ue  rebalance  signals  to  reduce  the  motion  to  zero.  This  motion 
at  2n  is  caused  by  acceleration  (g  -  loading)  perpendicular  to  the  spin  axis  (see  Appendix  II).  Open 
loop,  it  is  of  the  form: 

Oj.  =  k  a^.  cos  ( 2S2t  +  0 )  +  k  a^  sin  (2S2t  +  (/>) 

Oy  =  k  a^,  cos  ( 2L2t  +  <p)  +  k  ay  sin  ( 2fit  +  0)  . 

where  0 ^  and  0y  are  the  displacements  of  the  suspended  element  with  respect  to  the  fixerl  system 
X  and  y  axes  respectively;  k  is  a  constant;  a^and  ay  arc  the  accelerations  along  the  tixed  system 
X  and  y  axes  respectively. 

Figure  41  is  a  block  diagram  of  the  2i2  nulling  loop.  When  the  loop  is  closetl.  the  I'ulput  of 
Integrator  1  is  driven  to  a  level  proportional  to  a,^.  Modulator  I  converts  this  to  a  signal  proportional 

to  a,^_  cos  (2i2t  +  0).  In  a  like  manner  the  output  of  Integrator  2  is  iiroportional  to  a,^  .  and  the  t)ut- 


lopul 
From 
Y  Axis 
Pickoft 
Eloclionicb 

Fiuure4l,  2^2  Nulling  Loop  (Y  Axis) 

put  ol  Motlulator  2  is  pixiportioiuil  to  iiy  sin  (2i2t  +  0).  riiosu  are  suninied  in  At  to  produce  a 
signal  proportional  to 

a^  cos  ( 2i2t  +  0)  +  ay  sin  (2S2l  +  0)  . 

This  signal  is  I'eil  to  the  y  axis  'I'orquer  Ainplificr  which  converts  it  to  a  toniuing  current  to  null  the 
212  motion  of  the  suspended  element. 

(  1  )  Signal  Amplilier 

■['he  signal  amplilier  provides  25  V/V  gain  with  a  high  I'requency  roll-oH'  ol 
P  il  13/octave  above  30  II/.  It  consists  rifa  staiulanl  operational  amplilier  stage  (LM20I  A)  followeil 
by  a  unity  gain  inverter  stage  (LM2()1  A).  It  jiroviiles  0  deg  phase  and  180  deg  phase  outputs  to  the 
demodulator  switch. 

(2)  Demodulator 

Both  ileimululators  are  encased  in  the  same  dual  in-line  integrated  circuit 
package  (1)G  I  00  BB).  These  demodulator  circuits  are  identical  to  those  used  in  the  axis  alignment 
loop  and  in  the  Resonance  Control  loop  (see  Figure  22). 

(3)  Integrator 

Chopper  stabilized  ampliriers  (AD  233)  are  used  for  the  integrators.  The 
integrator  time  constant  is  (>  secoiuls. 

(4 )  Summing  Amplilier 

The  Summing  amplilier  is  a  staiulanl  operational  amplil  ier  (  LM20 1  A). 

The  circuitry  lor  the  x  axis  ol'  the  212  Nulling  loo)!  is  locateel  on  Circuit 
Board  number  24;  the  y  axis  circuitry  is  on  Circuit  Board  number  25.  Figures  111-48  and  111-40, 
Appendix  III  are  the  .schematic  and  layout  ol  these  boards. 
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h.  (i-Sensitivc  Hrror  Compensation  Circuitry  (Figure  42) 


Because  of  unci|ual  railial  compliance  of  Die  rt)tor  lu'arings  along  or'liogonal  axes 
perpendicular  to  tlic  spin  axis,  a  spurious  2i-'+  dJZ  signal  is  dcvelopeil  in  proiiorlion  to  gdoailing 
perpendicular  to  the  spin  axis  (see  Section  VI.C).  The  outputs  of  tlie  integrators  in  tlic  2i2  nulling 
k)op  are  also  proportional  to  the  gdoailing  perpendicular  1<»  the  spin  axis.  'I'hc  phase  angle  (<;!))  of  the 
demodulator  and  modulator  rel'erencc  signal  (see  Figure  43)  is  chosen  so  that  the  output  of 
Integrator  1  is  proportional  togj^,and  that  of  Integrator  2  is  proportional  to  gy.  These  signals  art 
appropriately  scaled  and  led  into  the  Nutatron  Signal  Filters  to  reduce  the  readout  error  c  lused  by 
the  bearing  imperfections. 

Figure  42  is  a  block  diagram  of  one  axis  of  the  compensation  circuit.  .A]  amplifies 
the  output  of  Integrator  I  of  the  212  Nulling  Loop.  At  is  a  unity  gain  inverter.  Therefore,  two  dc 
correction  signals  are  available;  one  proportional  to  -tgj^  and  one  proportional  to  -g^^.  Resistors  R| . 
Ro,  R3,  R4  form  the  scaling  network.  Output  1  is  fed  to  .Nutation  Signal  Filter  1 ;  Output  2  is  fed 
to  Nutatron  Signal  Filter  2.  The  adjustment  is  made  by  selecting  the  polarity  (+gjj  or  -g^)  and 

'^1  1^3 

adjusting  the  ratios  -  and  -  so  that  the  g-sensitive  error  is  minimized. 

R,  R4 

The  g-Sensitivity  Correction  Circuitry  is  located  on  Circuit  Board  number  2(i. 
Figures  111-50  and  111-51,  Appendix  Ill  arc  the  schematic  and  board  layout. 


Figure  42.  (l-Sensitive  Correction  (’ircuit  (One  Axis) 
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i.  2^1  Rl'IImciicc  Generator  ( l-'igiire  43) 

The  m  Rel'erenee  General. >r  jirovitles  the  rel'erenee  signals  lor  the  2il  Nulling 
Loop  demoilulators  aiul  nuHlulalors.  Figure  43  is  a  block  diagram  ol  the  circuit.  Inputs  to  multi¬ 
pliers  1  and  2  are  provided  by  the  il  Rererence  generator.  The  output  of  Multiplier  1  is: 

1  I 

— (sin  i2t  cos  S3t )  =  —  (sin  2ih). 

10  20 

This  is  amplifieil  and  inverted  by  A->,  and  inverteil  once  again  by  A| .  The  output  of  multiplier  2 


—  (sin  i2(  sin  i2l)  =  — ( l-cos  2£Zt). 
10  20 


The  dc  component  is  blocked  by  the  coupling  capacitor  in  the  input  of  A:^.  The  2^2  signal  is 
ampliried  and  inverted  by  A:^,  and  inverted  once  again  by  A^.  These  signals  are  appropriately  scaled 
and  added  to  produce  rererence  signals  ol'  the  phase  required  for  the  g-Sensitive  Correction  Cir¬ 
cuitry.  For  example,  in  Figure  43,  the  required  output  of  A5  is 


A  sin  {2S2t  +0),  where 
A  =  3V,  and  0  is  the  recpiired  phase  angle. 

This  output  is  related  to  the  inputs  b>  the  eciuation: 


-  A  cos  2^2t 


which  can  be  re-written. 


-  A  sin  2S2t 


=  A  sin  (2nt-i-0) . 


(il, 

\l*4/ 


COS  2i2t  -t- 


cos  2nt  =  sin  0  cos  2S2t  +  cos  0  sin  2nt. 


Thererore, 


sin  9  =  -- 


COS0  = 


which  gives  the  relationship 


between  R[ ,  R-i,  and  Rj: 


Ri  ’  +  R-)^  =  Ri^  ■  and 
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Figure  44  is  :i  plot  of  the  value  of  K|  aiul  (with  =  lOK)  lor  any  desired  phase  from  U  deg 
to  hO  deg.  Similarly,  the  output  of  is  set  to  a  cos  (2r2t+0).  The  outputs  of  and  Ay  proviile 
-0.5  to  +4V  switching  signals  to  the  2il  demodulators. 

The  2S2  Reference  ('icneralor  is  located  on  Circuit  Board  numher  23.  I'igures 
111-46  and  111-47,  Appendix  111  are  the  schematic  and  layout  of  this  circuit. 

j.  Power  Supplies 

( 1 )  Freciueney  Reference  Unit  (Figure  45) 

riie  l'rei|ueney  Reference  Unit  provides  all  of  the  excitation  signals  necessary 
for  operation  of  the  Nutatron  system.  The  200  kHz  crystal  oscillator  provides  the  basic  stable 
reference  from  which  all  other  freciueneies  are  derived.  It  is  also  used  directly  for  excitation  of  the 
gyro  axis  capacitive  piekoff  system.  Provisions  are  made  for  shifting  the  demodulator  reference 
with  respect  to  the  piekoff  excitation  because  the  output  of  the  capacitive  piekoff  bridge  is  in 
quadrature  with  the  briilge  excitation. 

Integrated  circuit  frequency  dividers  (Fairchild  93‘^)0.  9392.  9393)  are  used 
to  provide  the  desired  frequencies  (see  Figure  45).  The  outputs  of  the  dividers  are  OV  to  -t-4V  sciuare 
wave  signals,  which  are  used  directly  as  demodulator  switching  signals  for  the  25  kHz,  4.2  kHz, 
and  1.25  kHz  demodulators.  However,  each  of  these  signals  and  also  the  1 .0  kHz  and  625  Hz  signals 
must  be  further  processed  as  follows: 

(1 )  The  25  kHz  is  used  to  provide  excitation  for  the  capacitive  Rotor  Position 
Piekoff  bridge;  therefore  it  must  be  converted  to  a  sine  wave  and  then  shifteil 
with  respect  to  the  demodulator  reference  to  provide  the  proper  phasing. 

(2)  The  4.2  kHz  signal  is  used  to  excite  the  rotating  x  axis  of  the  Resolver.  It 

is  converted  to  a  sine  wave  to  keep  well  below  the  maximum  slew  rate  of  the 

Resolver  Driver  amplifier  and  succeeding  amplifiers. 

(3)  The  1.25  kHz  is  used  to  provide  the  reference  for  the  rotating  system  signal 
modulators.  .Sine  wave  modulators  are  used  to  keep  well  below  the  maximum 
slew  rate  of  the  Resolver  Driver  amplifier  and  succeeding  amplifiers. 

(4)  The  1 .0  kHz  and  625  Hz  signals  are  used  for  excitation  of  the  Housing  Drive- 
Motor  Power  Supply  and  the  Spin  Motor  Power  Supply,  liach  of  these 
signals  must  be  converted  to  a  sine  wave  for  this  purpose. 

The  Frequency  Reference  Unit  consists  of  two  circuit  boards.  The  200  kHz 
Oscillator  and  Divider  is  located  on  Circuit  Board  number  10.  The  Frequency  Reference  Shaper  is 
located  on  Circuit  Board  number  9.  Figures  111-21  and  111-22,  Appendix  Ill  are  the  schematic  and  layout 

of  Circuit  Board  number  10.  Figures  HI- 1 9  and  111-20  are  the  schematic  and  layout  of  Circuit  Board  num¬ 

ber  9. 

(2)  Housing  Drive  Motor  Power  Supply  (Figure  46) 

The  Housing  Drive  Motor  Power  Supply  provides  three-phase  1 .0  kHz  power 
to  the  Housing  Drive  Motor.  The  1 .0  kHz  input  is  split  into  0  deg  and  -60  deg  phase  signals  and 
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power  ;iinplil'iod  by  I’ower  ,\mplil'iois  I  ;inil  2.  Kcl;iy  K  |  cixilrois  tlie  anipUtiuk'  of  llio  output 
between  two  levels.  When  K|  is  eloseil  llie  lull  iiijnit  is  applied  to  both  power  ampliriers.  When 
S|  is  eloserl,  full  power  is  applied  to  I  he  llousinu  Drive  Motor  and  the  ten  seeond  time  delay  relay 
is  aelivated.  Alter  ten  seeonds,  K  |  opens  and  Rt  is  plaeeil  in  series  with  R| .  This  reduees  the  out¬ 
put  power  by  about  .Tvk.  and  is  the  normal  running  eoiulition.  The  ten  secoiul  time  delay  relay 
also  eontrols  a  signal  used  to  diseharge  all  ol  the  integrators  in  the  Nutatron  System.  When  power 
is  applieil  to  the  Nutatron  Ideetronies,  eaeh  of  the  integrator  capaeitors  is  shunted  with  a  low  value 
resistor.  These  shunt  resistors  remain  in  the  eireuits  until  ten  .seeonds  after  S|  is  elosed.  At  that 
time,  the  ten  seeond  time  delay  relay  sends  out  a  signal  whieh  removes  the  shunt  resistors  and  the 
integrators  begin  their  normal  operatio:is. 

The  Housing  Drive  Motor  Power  Supply  eireuitry  is  loeated  on  C’ireuit  Poarii 
number  1  1 .  Figures  111-23  and  111-24,  Appendix  111  are  the  schematic  and  layout  of  this  board.  The  ten 
second  time  delay  relay  is  located  on  the  Power  Supply  Chassis  (Figure  48). 

(3)  lie  Power  Supplies 

Commercial  modular  power  supplies  and  regulators  are  used  to  provide  the 
de  operating  voltages.  Separate  modules  are  used  for  the  various  futictional  circuit  groups.  This 
approach  reduces  the  need  for  decoupling  the  various  functional  groups  separately  and  eliminates 
the  problem  of  ground  currents  being  cross  coupled  into  the  various  circuits.  Figure  47  lists  the 
power  supplies  and  the  circuits  they  power. 

Power  Supplies  1  thru  8  are  located  on  the  dc  POWER  SUPPLY  Chassis 
(Figure  48).  Power  Supply  9  is  located  on  Circuit  Board  number  22.  Figure  111-45,  Appendix  111 
is  a  layout  of  this  board.  Power  Supply  number  10  is  located  on  Circuit  Board  number  8.  Figures 
111-17  and  111-18  are  the  schematic  and  layout  of  this  board. 


To:  Housing  Drive  Motor  P.S.,  Spin  Motor  P.S., 
10  sec  T.D.  Relay 


To:  Speed  Control,  25  KH?  Demod., 

2*^  Pulse  Gen.,  Free).  Ref.  Unit 

To:  Spin  Motor  P.S.,  2i^  and2J^  +  2il  Ref. 
Gen.,  21^  osc..  Speed  Control, 

21^  Pulse  Gen.,  Freq.  Ref.  Unit 

5  volt  Reg.' 

To:  Axis  Alignment  Loop,  Compensator 
Drivers,  Loop  Monitor  Filters 

To:  Resonance  Control  Loop,  Rotating 

System  Pickoff  Electronics,  Fixed  System 
Signal  Electronics  Torquer  Drivers 

+  12  volt  Regulators 

To:  Nutatron  Signal  Detection  Circuitry, 
Nutatron  Signal  Filter 


To:  2  £2Loop  Electronics,  2  v  Ref.  Gen., 
g  •  Sens,  Correction  Electronics 


To:  200  KHz  Pickoff  Preamps 


Figure  47.  tic  Power  Stipplies 
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V.  NUTATRON  TRST  PR0(;RAM  AND  RI-SULTS 


Two  Nutalmn  instruments,  .SN-1  and  SN-2.  were  tested  in  the  laboratory.  I’artienlar  emplia- 
sis  was  placed  on  those  perrormance  parameters  whicli  were  the  primary  objectives  ol  the  Niilatron 
exploratory  development  program  and  whicli  would  substantiate  the  growth  potential  ol'  this  new 
angular  rate  sensor  concept.  The  acceleration  independent,  and  the  acceleration  sensitive  drift  terms 
were  investigated  in  depth  including  the  following  characteristics. 

a.  Long  and  short  term  stabilities 

b.  Randomness 

c.  Rcpeatabilit>  from  cold  start  and  reaction  time 

d.  Temperature  coefficients  ( AT  of  27°|-') 

e.  Magnetic  sensitivity 

f.  Repeatability  after  exposure  to  temperature  cycles  (0°  -  150“) 

Separate  determinations  for  the  bias  drift  and  scale  factor  errors  were  made.  In  addition, 
the  magnitude  of  the  acceleration  seiuare  sensitive  drift  was  determined.  The  results  are  summari/ed 
in  Table  1,  and  the  test  methods  are  described  in  this  section. 

A.  TEST  METHOD 

The  Nutatrons  were  tested  in  the  rate  capture  mode,  with  components  of  earth  rotation  as 
the  input.  The  conventional  low-freciuency  torque  rebalance  loops  were  augmented  by  narrow- 
band,  high-grain  torque  rebalance  loops  at  the  nutalron  frequency  ( 2n  +  2S2)  which  nulled  oscilla¬ 
tions  at  that  frequency.  These  torques  are  proportional  to  the  input  precession  rales,  and  in  the 
absence  of  noise  torque  at  that  freciuency,  would  be  a  true  indication  of  the  component  of  earth 
rotation  coupled  into  the  input  axes  by  appropriate  orientation  of  the  instrument.  Noise  loripies 
at  the  Nutatron  frequency  are  equivalent  to  drift  as  indicated  by  the  relationships: 

'f'Xsin  =  +  ^EX  ‘^(^■‘■^»  +  ''nxsin 
^Xcos  ~  ■  ^EY  ^  nxcos 

where  and  are  the  indicated  torques  at  sin  (2  r'  -t-  2n)t  and  cos  ( 2i>  +  2S2  It  by  the 

Nutatron  torque  rebalance  loops. 

^nxsiir  ^nxcos  at  sin  (2i^  +  2S2)t  and  cos  (  2i'  i  2S2  ;i. 

Hex-  ^^EY  components  of  earth  rotation  about  ininit  axes. 

r*  is  the  rotor  speed 

L2  is  the  housing  rotation  speed 

A  and  B  are  the  radial  moments  of  inertia  of  the  rotor.  The  derivation  of  the  Nutatron 
equation  is  presented  in  Appendix  1  of  this  report. 


I'lic  {2i^  +  1^1)  NutiiliHin  ciiptiiriiii:  loops,  and  llie  iiictliod  of  recording  the  torques  at  tlie 
Nutatron  frequency  are  illustrated  by  the  double  lined  portion  of  block  diagram  Figure  4'-F 

fhe  relationship  between  noise  torques  and  drift  is 


(A- Ml 


_  *  nxcos 
>'  i^(A-M) 

where  and  cOy  are  the  nutatron  drift  about  the  two  input  axes. 

The  mounting  tirrangemenl  of  the  Nutatron  on  the  Leitz  and  OMT  head  is  illustrated  on 
Figure  50  anil  photograph  Figure  5  I . 

It  allows  for  precision  indexing  about  all  axes  to  accuracies  of  2  arc  seconds. 

B.  TFST  RFSULTS 

A  test  procedure  was  written  prior  to  initiating  the  final  evaluation  program  of  two  instru¬ 
ments.  The  tests  were  conducted  in  the  sequence  reported  here  with  the  set  of  test  electronics 
which  will  be  used  by  the  Air  Force  at  Holloman  Air  Foree  Base. 

1.  Test  I.  Cardinal  Points  -  Spin  Axis  Vertical. 

a.  Purpose 

To  determine  the  following  eight  parameters: 

( 1 )  =  X  axis  read  out  scale  factor  (V/deg/hr) 

(2)  Ky  =  y  axis  read  out  scale  factor  (V/deg/hr) 

(3)  X  axis  acceleration  insensitive  drift 

(4)  eoyi)"  y  ii'Xis  acceleration  insensitive  drift 

(5)  a  =  angular  displacement  of  y  input  axis  below  horizontal  plane 

(6)  |3  =  angular  displacement  of  x  input  axis  above  horizontal  plane 

(7) 0  -  angular  displacement  of  the  y  input  axis  from  the  Leitz  head 

spindle  axis. 


(8)  0  =  angular  displacement  of  the  x  input  axis  from  an  axis  perpendicular 

to  the  Leitz  head  spindle  axis. 


1  orquing 
Electronics 


itoifnTi 


Nutatron  Test  Station 


r 


k  -V;  ) ‘j 

^  r  nimr^  ' 

QH^SjSpT^^  =^'i^ 

where  x, ,  X2  ...  x^;  y, ,  y2  ...  yp  are  readout  voltages  in  the  attitudes  listed  on  Table  IV. 


(2)  .4c<;clcration  ln.scnsitive  Drift  Calculations: 


Figure  52  represents  the  Y  axisNorIh.il  up  test  position  and  defines  0  and  (p.  Angles  c:  and 
(3  are  not  shown. 


Figure  52.  Definition  of  Axes 


b.  Test  Procedure 


The  Nutatron  is  positioned  for  two  hours  in  each  of  the  eight  positions  listed  in 
Table  IV,  and  the  x  and  y  axis  outputs  are  recorded.  The  readout  voltages  averaged  over  the  last  1 .5 
hours  of  each  run  are  used  for  tiie  calculations.  Inspection  of  Table  IV  yields  the  following  (assuming 
all  angles  are  small). 


( 1 )  Readout  Scale  Factor  Calculations: 

X,  -X3 
=  — - - 

2J2h 


TABLli  IV.  C  ARDINAL  ROINTS  -  SPIN  AXIS  VI  RTK'AL 


y  Axis 

X  Axis 

hT 

_ 1 

Attitude 

Number 

X  Readout 

Y  Readout 

West 

North 

Up 

1 

X^  =  cosr;!)  r  sin|b' 

Y  .j  =  Ky  (  LZ^g  sin  0  LZy  sin  cv 

+  OJ^D* 

+  tiJyp) 

North 

East 

Up 

2 

X2  =  sin  0  r  sin  j3 

Y2  =  Ky  (SZ^  cos  0  iZ^  sin  (V 

r  co^p) 

East 

South 

Up 

3 

Xg  =  (  LZjg  cos  0  +  iZ^  sin  j3 

Yg  ~  Ky  (SZjg  Sin  0  ■  iZy  sin  a 

+  ^XD> 

■*  ‘^D* 

South 

West 

Up 

4 

X4  =  sin0  r- sin  )[i 

Y4  =  Ky  (  LZ^  cos  0  ■  LZy  sin  a 

1  tO^p) 

+  COyp) 

West 

South 

Down 

5 

Xg  -  (  ^Z|_|  COS  0  ■  iZ^,  sin  j3 

Yg  =  Ky  (SZj4  sin  0  1  JZy  sin  a 

+  t^xQ) 

r  oJyq) 

North 

West 

Down 

6 

Xg  =  (S”Zj4  sin  0  ■  fZ^  sin 

Yg  =  KylSZjg  cos  0  +  LZ^  sin  a 

+  CO^q) 

fcoYD) 

East 

North 

Down 

7 

X7  ==  (LZjg  cos  0  ■  JZ^  sin /3 

Y^  =  Ky  (fZ)4  sin  +  fZy  sin  a 

+  cOyd) 

South 

East 

Down 

8 

^8  "  (LZj4  sin  0  ■  LZ^  sin  j3 

Yg  =  Ky  (fZj4  cos  fl  -t  sin  w 

*  ^d’ 

+  Wyp) 

H  =  Angular  momenium  vector 

=  Horizontal  component  of  earth  rate  (10.98°/hr  at  Wheatfield,  New  York) 
=  Vertical  component  of  earth  rate  (10.28°/hr  at  Wheatfield,  New  York) 
through  Xg  =  X  axis  readout  outputs 
Y.|  through  Yg  =  Y  axis  readout  outputs 
=  X  axis  acceleration  insensitive  drift 
cOyQ  =  Y  axis  acceleration  insensitive  drift 
=  X  axis  scale  factor 
Ky  =  Y  axis  scale  factor 


c.  Test  Results 


Talile  V  lists  tlie  paratiielers  obtained  for  Nutations  SN-1  and  SN-2.  I’he  uncer¬ 
tainty  in  the  readings  is  ±0.05  deg/hr  or  ±20  arc  minutes.  Flie  values  listed  are  the  averages  obtained 
from  the  two  calculations  for  each  parameter. 


TABLE  V.  PARAMETER.S  OBTAINED  FROM  CARDINAL  POINT  DATA 

SPIN  AXIS  VERTICAL 


Nutatron 

SN 

Kx 

deg/hr 

COV'D 

deg/hr 

a 

<t> 

0 

1 

0.58V 

0.56V 

0.16  t  0.05 

0.15  +  0,05 

0  deg  ±  20  min 

0  deg  ±  20  min 

0  deg  ±  20  min 

0  deg  ±  20  min 

deg/hr 

deg/hr 

2 

0.69V 

0.69V 

0  ±  0.05 

0  +  0.05 

0  deg  ±  20  min 

0  deg  ±  20  min 

0  deg  i  20  min 

0  deg  i  20  min 

deg/hr 

deg/hr 

2.  Test  2.  Si.xteen  Hour  Stability  Run  -  Spin  A.xis  Vertical. 

a.  Purpose 

To  obtain  a  measure  of  the  short-term  randomness  and  trend  of  the  Nutation 

output  signals. 

b.  Test  Procedure 

The  Nutatron  is  oriented  in  cardinal  position  1  of  the  previous  test.  The  .\  and 
y  a.xis  readouts  are  monitored  and  recorded  for  16  hours.  In  cardinal  position  1 ,  the  input  rate 
into  the  Y  axis  is  normally  zero,  and  the  rate  into  the  X  axis  is  the  full  horizontal  comiHinent  of 
earth  rate  ( 10.98  deg/hr  at  Wheatfield,  New  York).  The  trend  and  randomness  in  each  axis  are 
calculated  using  25  minute  averages  of  the  recorded  data.  The  Nutatron  is  not  temperature  con¬ 
trolled  during  this  test. 


c. 


Test  Results 


Table  VI  is  a  summary  of  the  results  obtained  from  these  tests.  Figure  53  is  a  six 
hour  recording  of  the  data  obtained  from  SN-2.  It  can  be  seen  from  the  recording  that  the  outinit 
signal  variations  are  primarily  periodic  rather  than  truly  random.  This  phenomenon  is  discu.ssed  in 
detail  in  Section  VI.  Figures  54  and  55  show  the  sixteen  hour  stability  runs  for  SN-1  and  SN-2 
respectively. 
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Vertical  No  Temperature  Control 


TABLE  VI.  RESULTS  OBTAINED  FROM  16-HOUR  STABILITY  RUNS - 

SPIN  AXIS  VERTICAL 


3.  Test  3.  Temperature  Sensitivity  -  Spin  Axis  Vertical. 

a.  Purpose 

To  measure  the  temperature  sensitivity  of  the  scale  factor  and  the  temiierature 
sensitivity  of  the  acceleration  insensitive  drift  in  each  axis. 

b.  Test  Procedure 

The  Nutatron  is  operated  at  its  normal  temperature  for  two  hours  in  each  of  two 
cardinal  positions  (Position  1  and  Position  5).  Then  0.5  ainpereof  dc  current  is  fed  into  the  internal 
heaters  of  the  Nutatron.  This  causes  an  internal  temperature  rise  of  approximately  1  5°C.  After 
the  temperature  has  stabilized,  the  two  cardinal  position  test  is  repeated,  each  point  being  monitored 
for  two  hours.  The  average  values  for  the  last  1.5  hours  of  each  run  are  used  to  calculate  values  for 
acceleration  insensitive  drift  and  scale  factor  for  each  temperature  As  in  Test  1  above,  the  values  for 
acceleration  insensitive  diift  are: 


From  Table  IV  it  is  seen  that 


X,  -X5-Kj:s2,^-t-:stvu 


Nutatron 

SN 

y  Axis  (Null  Axis) 

X  Axis  (10.98  deg/hr  Axis) 

Randomness  (o) 
(deg/hr) 

Trend 

(deg/hr/hr) 

Randomness  (o) 
(deg/hr) 

Trend 

(deg/hr/hr) 

1 

0.031 

0.0031 

0.028 

0.0026 

2 

0.023 

0.0014 

0.038 

0.0023 

I'  lest  Results 

T;iblo  VII  is  a  summary  ol  tlie  results  obtained. 


TABLH  Vll.  TRMPRRATURE  SENSITIVITY  OF  ACCELERATION 
INSENSITIVE  DRIFT  AND  SCALE  FACTOR 


Nutatron 

SN 

Scale  Factor 
Temp.  Sensitivity 

Acceleration  Insensitive 

Drift  Temp.  Sensitivity 

X  Axis 
deg/hr/°C 

y  Axis 
deg/hr/°C 

1 

+0.18%/°C 

+0.0015 

-0.0015 

2 

+0.17%/°C 

+0.0019 

+0.0055 

4.  Test  4.  Measurement  ofg,  and  Higher  Order  g  Sensitive  Drift  Coefficients. 

a.  Purpose 

To  determine  the  drift  error  coefficients  attributable  to  acceleration  along  the 
various  axes  of  the  Nutatron. 

b.  Test  Method 

Initial  tests  arc  performed  with  the  Lcitz  head  spindle  axis  horizontal  and  point¬ 
ing  west.  The  Nutatron  is  subsequently  indexed  in  30  degree  increments  about  the  y  west  spindle 
axis  (see  Figure  56).  From  Figure  56  it  can  be  seen  that  the  angular  rates  along  the  sensitive  axes  are: 

=  n  |tCOS7COS0 

w  y  =  n  gcosTsind  +  n  i^cos  (7+90° )  sina  ( 1 ) 

The  values  (p,  0  ,a,  and  were  found  in  Test  1  (Cardinal  Point  Tests).  Tlic  Leitz  head  is  rotated 
about  its  spindle  axis  an  angle  equal  to  -p  away  from  nominal  spin  axis  vertical  setting.  This  is  the 
true  spin  axis  vertical  position  (71  ). 

The  outputs  of  the  x  and  y  axes  are  monitored  for  one  hour  in  each  of  1  2  positions 
starting  with  7  ==  7i  and  progressing  in  30  degree  increments  to  7  =  71  +  360  degrees.  The  output 
values  obtained  are  converted  to  equivalent  degrees/hr  and  compared  to  the  known  input  rates 
calculated  from  Equation  (1). 

After  the  acceleration  insensitive  drift  error  is  subtracted  out,  the  remaining  error 
in  each  axis  is  calculated  for  each  of  the  twelve  positions.  A  twelve  point  Fourier  analysis  of  the 
errors  is  used  to  find  the  error  coefficients. 
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Local 

Vertical 


West 
Leitz  and 
Spindle  Axis 


Definition  o^  Terms: 


X  and  Y  are  Nutatron  Sensitive  Axes 


a,  li,0,(l>  are  Previously  defined  in  Tests  Performed  with  Spin  Axis  Vui  tical 


is  the  Earth's  Rotation  Vector  (15.04  deg/hr) 


y  is  the  Angle  between  the  earth's  Rotation  Vector  and  the  Nutation  X  Axis 


Figure  56.  Oriciitulioii  of  Axes  for  g-Sensitivity  Tests 


c.  Test  Results 


Figure  57  is  a  plot  of  the  error  curves  obtained  from  Nutatron  SN-2.  I'igure  5S  is 
a  plot  of  the  error  eurves  from  SN-1 .  Fourier  analyses  of  these  curves  shows  Ihtil  they  can  be  quite 
accurately  represented  by  the  series: 


coi:  =  Asin'h  +  13sin2<h 


where  w  j:  =  the  error  in  deg/hr. 


<1>  =  the  angle  between  the  spin  axis  and  local  vertical. 


A  and  B  are  the  Fourier  coelTicient^ 


versus  Spin  Axis  Inclination 


I  tliuilion  (2)  L;in  Ix'  rcwritlL-ii: 

u)|,  --  Asiii'l'  +  2Hsm‘l‘cc)s<l'  , 


or  in  terms  of  u  . 


Lj|,  =  agj.  +  .  wliL'ie 

g|.  -  gsiii'l'  =  the  eomponeni  ol'g  pcrpeiulieiihir  to  the  spin  axis. 

=  geos'h  =  tlie  eomponeni  of  g  along  the  spin  a.xis. 
a  and  b,  the  drift  eoelTieients,  are  seen  to  be  equal  to: 


2B 

b  =  — 


Table  Vlll  is  a  summarv  of  tlie  results  of  the  tests  on  Nutatrons  SN-I  and  SN-2. 


table  Vlll.  G  SENSITIVE  ERROR  FOURIER  COEFFICIENTS  AND  DRIFT  COEFFICIENTS 


SN 

X  Axis  1 

y  Axis 

Ax 

deg/hr 

Bx 

deg/hr 

^x 

‘'x 

Ay 

deg/hr 

By 

deg/hr 

‘’x 

1 

0.10 

0.43 

0.10  dog/hr 

g 

0.86  deg/hr 

0.02 

0.08 

0.02  deg/hr 

g 

0.1 6  deg/hr 

2 

0.15 

0.13 

0.1 5  deg/hr 

g 

0.26  deg/hr 

■y 

"  1 

0.14 

0.11 

0.14  deg/hr 

g 

0.22  deg/hr 

g^ 

5.  Test  5.  Sixteen  Hour  Stability  Run  -  Spin  Axis  Polar 
a.  Purpose 


To  obtain  a  measure  of  the  short  term  randomness  and  trend  of  the  Nutatron  when 
its  spin  axis  is  aligned  with  axis  of  rotation  of  the  earth.  In  this  orientation,  the  input  rate  in  eaeh 
of  the  sensitive  axes  is  normally  zero.  Botli  the  radial  and  axial  components  of  the  g  vector  are 
approximately  0.7g  in  this  orientation  (at  the  Bell  Aerospace  lab.,  VVheatlicld,  New  York).  'I  he 
results  are  to  be  compared  with  those  obtained  with  the  spin  axis  vertical.  Any  signil leant  dillerences 
in  trend  or  randomness  are  assumed  to  he  attributable  to  instabilities  in  the  g  and  g^  sensitive  dritt 
coefficients. 
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b.  Test  Metliod 


I'he  Loit/  licad  is  positioned  so  that  tlie  spin  axis  is  aligned  with  tlie  polar  axis. 

The  X  and  y  axis  readouts  are  monitored  and  reeorded  lor  16  hours.  The  trend  aiul  raiulomness 
in  each  axis  are  calculated  using  2.s  minute  averages  (d'the  recorded  data.  'I'he  Nutation  is  not 
temperature  controlled  during  this  test. 

c.  Test  Results 

The  results  of  this  test  are  summari/ed  in  'Fable  IX  and  in  l-'igures  5d  and  60.  Com¬ 
parison  of  these  results  with  those  obtained  vertically  shows  that  randomness  aiul  trend  of  SN-2 
are  independent  of  spin  axis  orientation.  The  performance  of  SN-1  is  significantly  better  with  the 
spin  axis  vertical  (by  a  factor  of  approximately  2).  This  is  probably  due  to  the  relatively  higher 
drift  coefficient  of  SN-I. 

6.  Test  6.  Temperature  Sensitivity  -  Spin  Axis  Polar 

a.  Purpose 

To  measure  the  temperature  sensitivity  of  the  g-sensitive  drift  of  the  Nutatron. 

As  in  the  above  test,  the  spin  axis  is  aligned  with  the  earth’s  polar  axis.  'Fhe  input  rates  are  normally 
zero  in  each  sensitive  axis,  and  the  input  g  vectors  are  0.7g  along  the  x  axis  and  0.7g  along  the  s|hn 


b.  'Fest  Method 

The  spin  axis  is  aligned  with  the  earth’s  polar  axis,  both  axes  are  monitored  for 
1 .5  hours.  Then  0.5  ampere  of  dc  current  is  fed  into  the  Nutatron  internal  heaters.  This  causes  an 
internal  temperature  rise  of  approximately  1  5"C.  After  the  temperature  has  stabilized,  the  outputs 
are  monitored  for  1.5  hours.  Then  the  heating  current  is  removed,  and  the  Nutatron  is  allowed  to 
return  to  its  normal  operating  temperature.  After  the  temperature  has  stabilized,  the  outputs  are 
once  again  monitored  for  1.5  hours.  The  Nutatron  is  then  turned  off  for  1/2  hour  and  allowed  to 
cool  to  room  temperature.  It  is  then  turned  back  on  and  monitored  for  1.5  hours  to  see  how  well 
it  repeats  the  original  values.  If  the  drift  sensitivities  are  significantly  diflerent  from  those  obtained 
with  the  spin  axis  vertical,  the  differences  are  attributed  to  changes  in  g-dependent  drift  parameters. 

c.  Fest  Results 

Table  X  lists  the  drift  data  obtained  for  the  four  operating  conditions.  In  order 
to  interpret  and  classify  the  results,  it  was  assumed  that  the  data  were  iroints  lying  on  hysteresis 
type  curves.  The  curves  obtained  are  shown  in  Figure  61.  Fhree  parameters  were  delineil  and 
calculated  from  these  curves: 

( 1  )  'Femperature  Sensitivity  -  The  slope  of  the  curves  (expressed  in  deg/hr‘’('). 

(2)  Hysteresis  -  The  difference  between  the  g-sensitive  drift  at  4(T(  before  and 
after  the  +15‘’('  temperature  increase. 

(3)  Repeatability  -  Fhe  difference  between  the  original  value  of  g-(iependcnt  drift 
at  40°('  and  the  final  value  after  allowing  the  Nutatron  to  cool  to  room 
temperature. 


l  ADl  I-  l\  K1  Sl'l  I  SOIM'AINI  I)  I'KOM  I  (.  HOUR  STAini.l  l  Y  RUNS  -  SPIN  AXIS  POLAR 


f 

y  Axis 

X  Axis 

Nutatron 

SIM 

Randomness  (u) 
(deg/lir) 

T  rend 
(deg/hr/hr) 

Randomness  (o) 
(deg/hr) 

Trend 

(deg/hr/hr) 

1 

0071 

0.0090 

0.048 

0.0053 

CN 

_ 

0.018 

0.0002 

0.023 

0.0057 

l  AlU  L.  X.  NUTATRON  i;-D1:PHNDI-:NT  DRIFT  AT40“(’  AND  55° C 
(SPIN  AXIS  POLAR) 


Nutatron 

SN 

Nutatron 
Internal  Temp. 

X  Axis 

g-Dependent  Drift 

y  Axis 

g-Dependent  Drift 

2 

40^ 

•0.034  cleg/hr 

•0.068  deg/hr 

-1-0.374  dog/hr 

■*-0.136  deg/hr 

40T 

■*■0.136  deg/hr 

-*■0.204  deg/hr 

40°C  after  1/2  hr 
Shutdown 

0.0  deg/hr 

0.0  deg/hr 

1 

40''C 

-*■0.063  deg/hr 

•0.063  deg/hr 

55“C 

-0  .063  deg/hr 

•0.250  deg/hr 

40"C 

0.0  deg /hr 

■*-0.095  deg/hr 

40°C  after  1/2  hr 
Shutdown 

•*■0.095  deg/hr 

•0.205  deg/hr 

tablf;  xi,  o-di;pi;ndi;nt  drift  paramf;tf:rs  derivfd  from  figurf:  6i 

(SPIN  AXIS  POLAR) 


Nutatron 

SN 

Temperature 

Sensitivity 

Hysteresis 

Repeatability 

After  Temp.  Cycle 

X  Axis 
deg/hr/'^C 

y  Axis 
deg/hr/°C 

x  Axis 
deg/hr/°C 

V  Axis 

d^g/hr/^'C 

X  Axis 
deg/hr/°C 

y  Axis 
deg/hr/’  C 

2 

-*-0.032 

-*-0.014 

*■0.170 

*■0.272 

■*0.034 

+0.068 

1 

-0.008 

■0.012 

■0.063 

■*0.158 

+0.032 

-0.142 
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X  Axis 

a  “  0.048  deg/hr 
Trervd  =  0.0053  deg/hr 


0.023  deg/h 


TIk'sc  sallies  are  sunimari/eil  in  I'able  XI. 


.  Test  7.  Reiiealabilily  -  Spin  Avis  Verlieal. 

a.  i’urpose 

I'o  obtain  a  measure  ot  tlie  repeatability  of  the  Nutation  readouts  from  turn-on- 
to  turn-on  with  the  spin  axis  vertical.  'I'he  test  includes  the  repeatability  of  scale  factor  and  aeeelera- 
tion  insensitive  drift  in  each  axis.  The  Nutation  is  not  temperature  controlled  during  these  tests. 

b.  Test  Method 

The  Nutation  is  positioned  with  its  spin  axis  vertical,  y  axis  west,  x  axis  north.  It 
is  turned  on  and  monitored  for  1.5  hours.  The  data  from  the  last  1 .0  hour  of  the  run  is  sampled 
once  each  minute,  and  an  average  value  obtained.  Then  the  Nutation  and  the  Nutation  Test 
I'leetronies  are  shut  down  fo'-  30  minutes.  Then  the  test  is  repeated,  and  a  new  average  vatiie  is 
obtained.  The  test  is  repeated  four  times  .iiui  the  results  are  tabulated. 


e. 


lest  Results 


Table  XII  and  Figure  (i2  suinmari/.e  the  results  of  these  tests.  The  results  show  that 
the  repeatability  of  SN-2  is  belter  than  that  of  .SN-I  by  a  factor  of  more  than  4. 

8.  Test  8.  Repeatability  -  .Spin  Axis  Polar. 

a.  Purjiose 

To  obtain  a  measure  of  the  turn-on  to  turn-on  repeatability  of  the  Nutation  when 
the  spin  axis  is  aligned  with  the  earth's  polar  axis.  The  lest  includes  repeatability  of  the  acceleration 
insensitive  drift  and  the  acceleration  sensitive  drift  of  the  Nutatron.  The  temperature  of  the  Nutatron 
is  not  controlled  during  the  test. 

b.  Test  Method 

The  lest  method  is  identical  to  the  verlieal  repeatability  test  except  that  tlie  spin 
axis  is  aligned  to  the  polar  axis. 

c.  Test  Results 

Table  XIII  and  I'igure  63  summari/.e  the  results  of  these  tests.  As  in  the  vertical 
repeatability  tests,  the  results  show  that  the  repeatability  of  SN-2  is  better  than  that  of  SN-1  by  a 
factor  of  more  than  4.  Also,  it  is  seen  that  within  the  accuracy  of  the  measurements,  the  repeat¬ 
ability  of  both  Nulalrons  is  independent  of  spin  axis  orientation. 

9.  Test  9.  Magnetic  Sensitivity  Test. 

a.  Purpose 

To  measure  changes  in  acceleration  insensitive  drift  and  scale  factor  of  the  Nutation 
caused  by  application  of  magnetic  fields  both  along  and  perpendicular  to  the  spin  axis. 
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Nutcitron 

SN 


Run 

Numbi.'i 


X  Axis 

Y  Axis 

Qeviiitinn 

Fiom  Mciin 

Total  Spread 

4  Runs 

Deviation 

Fium  Mean 

Total  Spread 

4  I3uns 

1 

0.046  Dcrj/Ht 
t  0  037  Di;q/Hi 
0,034  Deg/Ht 
t  0.038  D(;g/Hr 

0.085  Deg/Hi 

(o  0.0390) 

•  0.037  Deg/Hi 
0.002  Deg/Hi 
0.055  Deg/Hi 
0.018  Deg/Hi 

0.092  Deg/Hi 

|n  0.0345) 

*  0.003  Dug/Hr 

-  0  007  Dog/Ht 

-  0.000  Dog/Ht 
■t  0.005  Dcg/Hr 

0.012  Deg/Hr 

(0  0.0045) 

■  0.004  Deg/Hi 
-  0.009  Deg/Hi 
+  0.002  Deg /Hr 
+  0.011  Deg/Hr 

0.020  Deg/Hr 

(0  0.0074) 

Figure 


Deviation  from  Mean  in  Deg/Hr 


X  Axis 


Y  Axis 


Nutation 

SN 


Run 

Number 


Deviation 

Total  Spread 

Deviation 

Total  Spread 

Fi  om  Mean 

4  Runs 

From  Mean 

4  Runs 

■0.034Deg/Hr 

t0.055  Deg/FIr 

•0.024  Deg/Hr 

0.087  Deg/Hr 

+0.052  Deg/Hr 

0.117  Deg/Hr 

+0.003  Deg/Hr 

•0.046  Deg/Hr 

+0.053  Deg/hr 

(o  =  0.0337) 

0.062  Deg/Hr 

(0=  0.0540) 

-0.014  Deg/Hr 

+0.001  Deg/FIr 

■0.004  Deg/Hr 

0.025  Deg/Hr 

+0.001  Deg/Hr 

0.009  Deg/Hr 

+  0.011  Deg/Hr 

■0.006  Deg/Hr 

t0.007  Deg/Hr 

(0  =  0.0097) 

+0.003  Deg/FIr 

(0=  0.0034) 

o  O' 

_ 

r  X  Axis  SN-1 

/ 

1  Y  Axis  SN-1 

3  4 


m 


Repeat  Run 


b.  Test  Method 


The  Nutation  is  run  with  its  spin  axis  vertical  for  two  hours  in  each  of  two  cardinal 
positions  (Position  1  and  Position  5).  This  provides  a  reference  data  set.  Then  a  set  of  helmholz  coils  is 
mounted  on  the  Nutation  Holding  fixture  so  that  the  magnetic  field  generated  by  the  coils  is  along 
the  spin  axis,  de  current  is  applied  to  the  coils  to  produce  a  1  5  gauss  field  measured  at  the  Nutatron. 
The  two-cardinal  position  test  is  repeated,  each  point  being  monitored  for  two  hours. 

After  the  above  test  is  completed,  the  helmholz  coils  are  repositioned  so  that  the 
magnetic  field  is  perpendicular  to  the  spin  axis.  The  test  is  then  repeated,  monitoring  for  two  hours 
in  each  position  with  15  gauss  applied. 

Values  for  acceleration  insensitive  drift  and  scale  factor  are  calculated  for  each  of 
the  above  operating  conditions.  The  method  used  is  identical  to  that  in  Test  3. 

The  tests  were  run  both  before  and  after  installation  of  the  external  magnetic 
shield  on  the  instruments. 

c.  Test  Results 

The  results  are  summarized  in  Table  XIV.  These  results  show  that  before  in.stal'ation 
of  the  external  magnetic  shield,  the  primary  sensitivity  is  a  scale  factor  change  resulting  from  an 
axial  magnetic  field  This  effect  disappears  after  the  shield  is  installed. 


TABLE  XIV.  RESULTS  OF  MAGNETIC  SENSITIVITY  TESTS 


Applied 

Magnetic 

Field 

Nutatron 

SN 

External 

Magnetic 

Shield 

X  Axis  Sensitivity 

y  Axis  Sensitivity 

Scale  Factor 
%/Gauss 

Drift 

Deg. /Hr/Gauss 

Scale  Factor 
%/Gau5s 

Drift 

Deg. /Hr/Gauss 

1 5  Gauss 

Parallel 

to 

Spin  Axis 

1 

Off 

0.18 

0.006 

0.18 

<  0.003 

1 

On 

<0.015 

<  0,003 

<0.015 

<0.003 

2 

Off 

0.12 

<  0.003 

0.12 

0.005 

2 

On 

<0.015 

<0.003 

<0.015 

<  0.003 

1 5  Gauss 
Perpendicular 
to 

Spin  Axis 

1 

Off 

<0.015 

<  0.003 

<0.015 

<  0.003 

1 

On 

<0.015 

<  0,003 

<0.015 

<  0.003 

2 

Off 

0,051 

0.006 

0.051 

0.006 

2 

On 

<0.015 

<0.003 

<0.015 

<  0.003 
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10.  Test  10.  Tasl  Keaelioii  lV^l  -  Spin  Axis  Vertical. 


i 

I 


.1.  I’UipilNO 

I  n  dcmoiislr;iK'  Ilio  IdsI  iwKlioii  l  apahilily  nf  Ihc  Niitiilron. 

b.  IV^l  MoIIukI 

riic  Nulairnii  is  posil iniiotl  will)  its  spin  axis  vertical.  \'  input  axis  east.  I  he  turn¬ 
on  sequence  sets  the  heading  aiul  latitude  initial  coiulitiniis  to  better  than  one  degree,  and  clo.ses 
the  Nutation  loops  onl\  alter  the  power  supply  transients  have  settleil  t)ut.  The  Nutation  sensitive 
axes  and  the  internal  temperature  are  monitored  and  recordeil.  The  test  is  repeated  a  number  of 
times  to  deimiiistrate  the  ty|iical  reaction  time  and  repeatability. 

c.  Test  Results 

Three  consecutive  repeat  run.-,  .re  sliown  in  I'igure  64.  The  internal  temperature 
rise  is  shown  on  top  and  requires  the  better  part  oTan  hour  to  rise  a|vproximalely  14°C.  The  dril't 
settles  out  within  a  matter  oT  Tour  minutes  and  repeats  to  better  than  0  05  deg/hr. 

1  1.  Test  1  1.  Repeatability  Alter  lixposure  to  Temperature  Cycles  (0°F  to  150°F) 

a.  Fur|X)se 

To  measLire  the  repeatabilil>  '  die  acceleration  insensitive  drift,  scale  factor,  and 
acceleration  sensitive  drift  of  the  Nutatron  after  it  is  exposed  to  repeated  temperature  cycles  between 
0°Fand  150“F. 

b.  Test  Method 

Prior  to  final  testing,  preliminary  values  for  the  above  parameters  are  measured. 

The  Nutatron  is  then  removed  from  the  test  stand  and  placed  in  a  temperature  chamber.  The 
temperature  is  cycled  between  U°F  and  1  50°F  (three  hours  at  each  temperature)  for  eighteen  hours. 
The  Nutatron  is  then  placed  on  the  test  stand,  and  the  parameters  are  measured  once  again. 

c.  Test  Results 

No  change  was  observed  in  the  scale  factor  or  acceleration  insensitive  drift  for 
either  Nutatron  (<0.05  deg/hr).  The  acceleration  sensitive  drift  changed  0.17  deg/hr  lor  SN-2. 
and  0. 1 5  deg/hr  for  SN-I . 
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VI.  DISCUSSION  01-  Ki;SULrS 


Dos',  c.m  llic  Nulalron  ixTl'ormancc  be  rurlhcr  iinprovoi.r.’  Wlial  are  the  Lillimate  pei ronnaiiee 
levels  that  one  ean  e.\|ieel  to  attain  with  the  Ni.latron  prineiple'.’  Answers  lu  these  questions  ean 
onlv  be  obiainerl  b\  an  uiKlerstaiuling  ot  the  error  meehanisins  and  the  analysis  ol  potential  methods 
to  in’inove  them.  It  is  the  realistie  assessment  of  the  dcjiree  ol  dirrieully  or  limitation  in  the  poten¬ 
tial  Allies  that  aie  mdieators  ot'  the  growth  potential  of  the  Niitatron.  The  development  of  a  new 
eoneept  is  a  sequential  effort,  depending  on  the  rediietion  or  elimination  of  the  larger  error  sourees 
before  the  ne,\t  better  |ierformanee  level  ean  be  tackled. 


The  performance  i^arameters  of  the  Nutation  are  discussed  in  this  section  to  conves  some 
an.swers  to  the  growth  junential  of  the  Nutation  and  also  to  indicate  the  direction  in  which  further 
improvement  el  forts  sliould  be  direeted.  ,\s  ean  be  seen  from  the  summary  of  performanee  jxira- 
meters  of  Nutatrons  SN-1  and  SN-2  iTable  I)  some  are  almost  identical  from  unit  to  unit  and  others 
are  quite  different 


flood  consistenev  between  the  two  instruments  exists  for  randomness,  long-term  stability, 
temperature  coel I icients,  and  magnelie  sensitivities.  Aceeleialioii,  and  aeLeleialion  stiuare  sensitive 
drift  and  re|ieatabiliiy  from  cold  start  were  different,  all  being  significantly  belter  on  SN-2.  Fhe 
diffcieiKe  hi  file  !tl!!ef  fireev  tvtn+V'elerf  ewt  he  trav.vt!  fo  (he  in  ffteofrfw  rre-e  ewvat-tHt 

used  on  the  spin  bearings,  2.U  and  0.8  respectively. 


While  a  sample  of  two  is  lar  too  small  to  draw  firm  conclusions,  it  appears  that  one  of  the 
major  g.oals  of  the  N  .natron  principle,  nam.ely  consistent  performance  from  unit  to  unit,  will  be 
achieved. 


The  discussion  is  organi/wd  to  group  together  performance  parameters  whicl.  have  common 
error  sources  as  follows: 


Table  1 
Lines 


A. 

Acceleration  Insensitive  Drift  -  Systematic  Terms 

1 

a,  b,  d,  e 

B. 

Acceleration  Insensitive  Drift  -  Randomness 

1 

c 

C. 

Acceleration  Sensitive  Drift  -  Systematic  Term 

a,  c,  d  &  3 

D. 

Acceleration  Squared  Sensitive  Drift  -  Systematic  Term 

4 

E. 

Magnetic  Sensitivity 

1 

F. 

Scale  Factor  Temperature  Coefficient 

1 

f 

A.  ACCLLLRATION  INSENSITIVH  DRIFT  -  SYSTEMATIC  TERMS 

The  acceleration  iii.sensitive  drift  is  the  bias  drift  with  the  spin  axis  vertical.  It  is  character¬ 
ized  by  mean  value,  its  repeatability  from  a  cold  .start,  stability  with  time,  temperature  coefficient 
and  the  effect  of  storage  exposure  to  temperature  cycles. 

1.  Mean  Value  [Test  No.  1  -  Table  V] 

The  mean  value  of  the  aceeleration  insensitive  drift  is  in  the  order  of  a  few  tenths  of 
a  deg/hr  or  less  for  both  Nutatrons.  Some  of  this  can  be  attributed  to  offsets  in  the  readout 


svii!aasss5:--siaaFjS3’jiu3wj:&'a5E.5a^ 


deiiioduhitors,  :iiul  sonu'  to  >i  siinill  .miounl  ol'  imHluLilioii  ol'  tlii'  casL‘  rotation  iVciiiK'iicy  at  its  I  st 
harmonic  in  combination  witli  j)!!!  hcarmii  noise  at  2i>.  Because  ol  its  inherent  low  value  anil  sta¬ 
bility  it  can  easily  be  compensate-d  electronicaily  or  in  the  com]Hiter.  No  specil'ic  modil  ications  are 
recommended  to  further  leduce  the  mean  value,  but  this  would  occur  as  a  byproduct  of  effort  to 
improve  the  standing  level  of  2r'  bearing  noise. 

2.  .Stability  (Trend)  |  lest  No.  2  -  fable  VI  -  figures  54  and  55  | 

The  stability  with  time  ot  the  acceleration  insensitive  drift  has  been  determined  by 
1  ()  hour  runs,  (figures  54  and  55 .  )The  values  of  0.0022  deg/hr^  and  0.00 1 4  deg/hr*  for  SN-2  and 
0.002()  deg/hr’  and  0.003  1  deg/hr*  for  SN-I  are  pessimistic  because  the  drift  randomness  masks 
the  stability  over  a  I  b  hour  |icriod.  A  3b-hour  stability  run  showed  a  trend  of  under  0.0005  deg/hr*  . 
The  high  degree  of  long  term  stability  has  been  consistently  observed  during  the  development  phase 
and  highlights  the  need  to  improve  shorier  term  randomness.  A  \ery  long  stability  lun,  in  the  order 
of  many  hundreds  ol  hours  sliould  be  conducted  to  establish  the  extent  of  long  term  stability.  No 
s|recific  modifications  are  recommended  to  improve  long  term  stability  (trend)  bul  a  reduction  in 
randomness  discussed  in  VI  . B  will  permit  a  more  rapid  sejxiration  of  trend  and  low  frci|ucncy  random¬ 
ness. 

3.  Temperature  Coefficient  [Test  No.  3  -  Table  VII  | 

The  temperature  coefficients  over  27°F  temperature  range  have  been  measured  to  be 
between  0.001  and  0.003  deg/hr/'°f.  This  residual  temperature  coefficient  is  suspected  to  be  caused 
by  the  2u  spin  bearing  noise  temperature  coefficient  in  combination  with  case  rotation  modulation 
at  its  first  harmonic.  The  thermal  coefficient  tests  are  limited  to  27°F  to  avoid  any  possibility  of 
destroying  the  only  two  prototype  Nutatrons  prior  to  their  evaluation  by  the  Air  Force.  While  there 
is  no  evidence  of  a  nonlinearity  in  the  drift  temperature  coefficients,  wider  temperature  range  tests 
are  recommended  in  the  future  to  confirm  this.  An  investigation  of  the  raw  21^  bearing  noise  tempera¬ 
ture  coefficient  is  also  recommended.  C  ase  rotation  has  been  implemented  to  eliminalc  this  noi.se 
source.  Levels  of  21^  bearing  noise  between  2  and  50  deg/hr  have  Iseen  measured  on  various  bearings. 
This  wide  spread  indicates  that  some  specific  bearing  parameters  are  the  mechanism  for  it;  but 
because  of  more  pressing  development  problems  and  the  effect ivene.ss  of  case  rotation,  little  has 
been  done  to  explore  it.  The  impact  on  inner  and  outer  race  run  outs,  outer  race  curvature,  contact 
angle,  preload,  etc.  on  2i>  bearing  noi.se  would  be  the  imporiant  step  in  establishing  the  feasibility 
of  eliminating  case  rotation  and  hence  a  cost  reduction  in  the  Nulatron. 

4.  Repeatalrih;-.  trom  Cold  Start  and  i'ast  Reaction 


Fach  Nutation  received  four  consecutive  turn  on  cycles  from  a  cold  start  with  sufficient 
time  between  tests  to  permit  the  instrument  to  return  close  to  room  temperatures.  Nutation  SN-2 
demonstrated  better  repeatability,  a  1  sigma  deviation  of  0.0045  deg/hr  about  one  and  0.0074  deg/hr 
about  the  other  axis,  than  one  would  expect  from  its  random  drift  characteristic.  One  can  assume 
that  an  improvement  in  the  randomness  would  indeed  lead  to  extremely  good  and  fast  gyrocompass- 
ing  capability  (better  than  1  minute  of  arc).  Nutatron  SN-l’s  repeatability  is  not  as  good,  with  I 
sigma  repeatability  of  0.039  deg/hr  and  0.035  deg/hr  about  the  two  axes.  The  suspicion  falls  on 
the  larger  outer  race  curve  spin  bearings  (ratio  of  2.0)  than  used  on  SN-2  (ratio  of  O.S).  A  sample  of 
one  instrument  in  each  configuration  is  insufficient  to  draw  conclusions  and  no  analysis  has  been 
carried  out  on  the  effect  of  outer  race  curvature  effect  on  repeatability.  It  is  recommended  that  an 
analysis  and  test  effort  for  optimum  tradeoff  of  outer  race  curvature  between  g  sensitive  drift,  g’ 
sensitive  drift  and  repeatability  be  conducted. 
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rik'  Iasi  ivai.'lii)ii  IS  ba.sicalK  liiiiili'il  In  llic  averaging  time  retiimei.1  U)  tiller  drill 
randomness.  I  he  initial  drd'l  transient .  alter  linn-on  settles  cnit  within  a  lew  minutes  ( l  igniv  ()4). 

To  achieve  fast  and  high  aeeuraey  gyroeom passing  eapahilily,  elTorls  to  tackle  the  drill  raiulomness 
diseusseil  in  Section  l\  H  is  leeommeiuleil. 

M.  RANDOM  DKIi  r 

I'igure  5d  illusirales  an  actual  Nutation  linri  reei>rded  through  a  one  minute  time  eonstani 
filter,  liven  a  cursory  look  reveals  a  i  redomuiani  perioilie  fiinetion  at  ahoiil  0.3  rpm  with  an  rms 
amplituile  of  about  O.KUleg  lir. 

A  fifteen  liour  drift  run  baseil  on  25  iiiinute  averages  is  illustrated  on  I'igures  54  aiul  55.  Witli 
Ihe  periodic  eompraieni  removerl  by  lime  averaging,  the  I  sigma  raiuh.miness  is  in  Ihe  order  of  0.02 
deg  hr  to  0.0.3  ileg'h.r.  It  has  been  determined  to  be  white  in  character  by  computer  analysis  aiul 
to  have  a  power  speclral  density  of  5  x  10'  (deg/hr)’  pel  rad, hr  to  l.l  \  lO”'  (deg/hr)‘  per  rad/hr. 

Roth  of  these  phenomena  have  been  traced  to  the  rotor  spin  bearings  and  are  discussed 

below. 

1.  Periodic  Drift  C  omponent 

A  periodic  drift  component  has  been  observed  on  all  Niilatron  buildups  with  a  variety 
of  spin  bearings.  The  one  sigma  amiditude  of  this  periodic  function  harl  narrow  sjrread  of  between 
0.1  and  0.25  deg/hr  and  the  frequency  m  general  ranged  between  0.5  to  0.1  rpm.  As  a  result  of 
investigative  tests  the  following  character!-  ties  of  the  periodic  drift  w'cre  uncovered: 

fa)  The  drift  periodicity  of  about  0.01  llz  e.xists  with  the  housing  rotation  disabled. 
(Periotlic  2i>  mrise  level  ehange  at  0.01  II/.)  Its  frequency  is  directly  proportional 
to  the  spin  speed. 

lb)  Using  an  asynehronous  reference  for  the  Nutatron  signal  detection  demodulators, 
rather  than  Iv.  revealed  many  noise  peaks  at  di.screte  frequencies  betw'een  18  and 
20  II/.. 

(c)  The  periodic  drift  |iattern  repeats  appro.ximately  for  eve:-y  0.5  rpm  increment  in 
housing  rotation  siieed.  Figure  65  is  the  plot  of  the  period  of  the  longer  of  the 
two  beat  periods  as  the  housing  frequency  is  varied  from  0.5  rpm  to  1 .5  rpm. 
Periods  e.xceeding  1/2  hour  can  be  ob.served  at  appro.ximately  0.87  and  I.-37  rpm. 

(d)  The  drift  periodicity  is  slightly  changed  by  the  axial  preload  of  the  bearing.  It 
is  also  modified  by  the  axial  g  loarling. 

From  the  investigative  tests  it  is  possible  to  construct  a  mathematical  model  of  Ihe 
disturbing  nutatron  tortpies  which  could  cause  the  periodic  drift  and  which  fits  Ihe  observed  data 
well. 

A  short  2/^  noi.se  pulse  occurring  approximately  every  .300  revolutions  of  the  spin 
bearing  (0.5  rpm).  superimposeil  on  the  standing  level  of  2v  bearing  noise  could  explain  the  periorlic- 
ity.  The  observed  instability  of  the  ball  bearing  retainer,  the  measured  2i/  noise  about  Ihe  spin  axis, 
and  the  increased  Nutatron  rotor  torque  at  a  frequency  of  about  0.5  rpm  confirm  this  possibility. 
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I'igiire  66.  Bearing  Torqio’s  as  a  Function  of  Time 


Tliis  form  of  -v  torque  can  be  expressed  as  follows; 


„  sm  n  TT  — 

Jl  T  1 


12^13  =  Aq  sin  (2dt  +  0,  )  +  B(j  sin  (2pt  +  03 )  ^  - —  sin  n  —  t 

/\  U  1 


n  vr  — 
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is  the  2v  bearing  noise  in  case  rotation  reference  system 


is  tlic  standing  level  of  2u  bearing  noise 


is  the  amplitude  of  the  periodic  2u  bearing  noise  pulse 


is  the  rotor  frequency 


is  the  harmonic 


is  the  width  of  the  pulse  in  seconds 


0i,03  are  phase  angles 


fi: 


•*.  \ 
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T  is  the  period  between  pulses  in  seconds 

1  lias  been  observed  to  be  about  30  seconds 

d  has  not  been  accurately  measureu  but  appears  to  be  in  the  order  of  a  few 

tenths  of  a  second  from  retainer  instability  observations. 

d 

sin  n  TT  — 

T  . 

For  the  first  ten  harmonics,  the  coelficient - is  essentially  unity  with  a 

il 

n  TT  — 

T 

ratio  of  0.01  for  •  Torques  at  or  near  the  Nutatron  frequency  cause  coning  motion  as  discussed 

in  Appendix  (1)  equation  (1-7).  The  bearing  noise  torque  in  the  rotating  system  is  therefore  e.x- 
pressed. 

n  1 

Tt  u  =  A_  cos(2r't  +  0,  )  +  B  ,  cos(2r’t  +  02 )  S  sin  n  -t 


where 


2r’By  =  Ay  sin  (2r’t  +  0,  )  +  By  sin  (2j't  +  02 )  S  sin  n  -  t 

T^  ,  T'  are  the  bearing  noise  torques  at  21^  in  the  case  rotation  system  and 
2uBx  2r’By  have  been  previously  defined. 

Resolving  these  noise  torques  into  the  fixed  system  with  the  standard  matrix, 


"T 

2r'Bx 

- 

T 

L  2r'By  _ 

sin  F2t  ”1  r T'- 


cos  fit 


sin  nt  +  cos  nt  T't, 


where  T  ,  T  are  the  bearing  noise  torques  at  21^  in  fixed  system, 

2r’Bx  2r’By 

F2  is  the  case  rotation  matrix,  the  noise  as  it  affects  Nutatron  operation  is  obtained.  The  standing 
level  bearing  noise  component  represented  by  the  amplitude  Ay  is  modulated  at  and  becomes 


2i;Bxl 


2j^Byl 


Ay  COS  (2r't  +  F2t  +  0,  ) 
Ay  sin  (2r't  +  fit  +  0i ) 


Since  the  Nutatron  precession  signal  occurs  at  a  frequency  of  2u  -t-  2F7,  the  standing 
level  of  2u  bearing  noise  is  separated  in  the  frequency  domain  by  il  and  can  be  effectively 
eliminated  by  filtering. 


The  pulsed  2i>  noise  (By)  resolved  into  the  fixed  system 
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H,,  "  1  I 

—  1'  Mil  (21^  +  12  +  11  —  +  02  )  •  +  ^>1'  (21^  +  12  -  n  —  +  02  )  1 
2  1 1  I  I 


HI'  I  ,1 

T  ~  -  1  L'os  (2(^  12  +  II  —  +  01  )  I  +  CDS  (2i^  +  12  -  II  —  +  0-,  I  I  . 

2i^By2  2  o  T  ‘  I' 

wliL'i'c  all  terms  luivc  been  defined  previoiisiy. 

I  /T  is  in  llie  order  of  0.5  rpm  and  its  liarmonies  are  1 ,  1 .5,  2.  2.5,  .  .  .  rpni.  Any 
lionsing  rotiition  fretineney  froin  0-10  rpm  will  generate  at  least  two  low  frequency  beats  against 
two  liarmonies  of  the  series.  The  highest  possible  freiiiiency  beat  results  from  adjusting  the  case 
rotation  equally  distant  between  two  harmonics,  and  (his  still  has  a  relatively  low  frequency  of 
0.25  rpm. 

It  appears  that  the  beat  phenomena  can  be  eliminated  by  shifting  the  fundamental 
frequency  ( 1/T)  above  the  case  rotation  frequency.  One  obvious  and  simiile  approach  would  be 
to  increase  the  rotor  frciiuency  and  tlecrease  the  case  rotation  frequency.  Bearing  geometry  changes 
may  also  accomplish  this.  It  is  recommended  that  techniques  be  investigated  and  implemented  to 
eliminate  this  undesirable  low  frequency  periodicity  which  prevents  cjuick  gyrocompassing. 

2.  White  Noise 

The  true  random  noise  of  Nutations  assembled  with  various  bearing  configurations 
has  varied  by  a  factor  of  about  3,  with  one  sigma  values  between  0.01  to  0.03  deg/hr.  The  white 
noise  randomness  has  not  been  of  high  priority  concern  during  the  development  effort  because 
of  the  urgent  need  to  eliminate  larger  error  sources. 

The  ball  bearings  used  with  the  Nutalron  have  been  of  commercial  quality  and  did 
not  feature  the  latest  techniques  developed  by  MIT  and  the  Air  Force  for  ultra  smooth  surface 
finishes  of  the  races  and  balls.  An  effort  was  made  in  that  direction.  A  set  of  bearings  incorporat¬ 
ing  the  latest  techniques  of  glow  discharge  cleaning,  ball  lapping  and  surface  phosphate  treatment 
were  prepared  by  the  DFLCO  laboratory.  When  they  were  available  the  decision  had  been  made 
to  change  to  larger  outer  race  curvature  bearings  and  these  bearings  with  a  curvature  of  0.55  were 
not  installed.  However,  torque  tests  conducted  on  the  Delco  treated  bearings  indicated  a  sub¬ 
stantial  noise  improvement. 

It  is  recommended  that  bearings  used  in  future  Nutatrons  be  properly  treated  with 
these  latest  techniques.  A  1  sigma  randomness  of  under  0.005  deg/hr  should  be  achievable. 

C.  G-SENSITIVE  NUTATKON  NOISE 

G-sensitive  Nutatron  noise  was  uncovered  early  in  the  development  program  and  two  of  the 
basic  error  mechanisms  identified.  The  bearings  represent  a  stiff  spring  along  the  two  radial  bearing 
axes.  If  these  spring  constants  are  not  quite  equal,  a  radial  motion  at  the  Nutatron  frequency  (21^) 
develops  in  response  to  a  radial  load.  This  is  illustrated  by  Figure  67. 

A  bearing  is  a  rather  complex  mechanical  structure  and  the  radial  stiffness  is  a  function  of 
many  bearing  parameters,  including  preload,  ball  compliment,  outer  race  curvature,  contact  angle, 
etc.  A  computer  program  has  been  developed  from  bearing  literature’*'  to  solve  for  the  behavior  of 
bearings  particularly  at  the  Nutatron  frequency  2r. 

*Rolling  Bearing  Analysis,  Tedrick  Harris,  1966. 
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K^  and  K2  are  the  radial  stiffnesses 


M  is  mass  of  rotor 


g  IS  gravity  vector 


Kg  is  average  radial  bearing  stiffness 


AK  is  the  difference  between  the  orthogonal  radial  stiffnesses 


X  is  the  radial  deflection 
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The  paraiiU'Icis  of  Idim  licariiigs  w  tuL'Ii  liavc  Ixvii  Icstcd  svilli  tlic  NulaliDii  arc  lisicd  in 
Table  XV.  ’I’lic  awraiic  displacement  as  a  riiiielir)ii  id’  radial  load  lor  these  hearings  is  illustrated  in 
F’igure  (kS.  Fhe  displacement  is  small,  in  the  order  id'  a  lew  miero-inehes,  and  is  of  no  eonseiiuence 
to  Nutation  perrormanee. 


or  vital  im|Hntanee  are  the  laelors  wliieh  make  tlie  orthogonal  radial  stillnesses  somewhat 
unequal.  Two  meehsnisms  have  been  round.  elli|die  run-out  ol  the  outer  race  and  tilt  of  Ihe  outer 
race  about  a  radial  axis. 


TABLl-:  XV.  13bARlN(]  PARAMl/rL' RS 


Vendor 

New  Hampshire 

Fafnir 

Fafnir 

Barden 

Pitch  Dia. 

0.3750 

0.4375 

0.4375 

0.3750 

Free  Contact  Angle 

15“ 

5“ 

10“ 

15“ 

No. of  Balls 

8 

7 

7 

11 

Ball  Dia. 

0.0781 

0.125 

0.125 

0.0675 

Inner  Race  Curvature 

0.555 

0.570 

0.570 

0.550 

Outer  Race  Curvature 

0.555 

2.0 

2.0 

2.0 

Retainer  Speed  Ratio 

0.6006 

0.6423 

0.6406 

0.5804 

Load  Deflection  Coefficient 

3.038  X  10" 

2.723  X  10" 

2.723  X  10" 

2.019  X  10" 

Llliptie  Run-out  ol' Outer  Race 


The  di.s|ilacement  and  eiiuivalent  Nulatron  noise  at  twice  rotor  Irequency  dt'  as  a 
I'linetion  ol' elliptic  run-out  was  computed  and  the  results  are  shown  I'or  bearing  configuration  in 
Figure  69.  Since  even  moderately  precise  bearings  have  an  outer  race  elliptic  run-out  ol'  under  3 
micro-inches  this  is  only  a  minor  contributor  to  the  g-sensitive  drift. 


Tilted  Installation  of  Nutation  Bearings 


The  sensitivity  to  angular  tilt  about  a  radial  axis  manifested  itself  some  time  ago  in  the 
Nutatron  program.  Shimming  of  the  New  Mampshire  bearing  was  found  to  be  critical  and  posed  just 
the  kind  of  adjustment  which  we  were  trying  to  elinrnate  with  the  Nutatron  approach.  Using  the 
previously  mentioned  computer  program,  the  sensitivity  was  found  to  be  proportional  to  the  square 
of  the  tilt  angle  with  a  sensitivity  of  about  1 .3  deg/hr  per  milliradian^ .  To  confirm  this  a  fixture 
v'hich  permitted  controlled  changes  of  bearing  tilt  was  designed  and  attached  to  the  end  cap  of  the 
Nutatron  rotor.  Curve  A,  Figure  70,  shows  the  result  of  the  controlled  tilt  test  and  indicates  an 
even  higher  sensitivity  than  the  theoretical  data. 


By  changing  various  bearing  parameters  in  the  computer  analysis  the  outer  race  curva¬ 
ture  was  found  to  have  the  major  effect  on  the  tilt  sen.sitivity. 


Figure  71  plots  the  theoretical  tilt  sensitivity  for  curvature  ratios  from  0.55  (normal) 
to  3.6  (almost  .self-aligningT  In  order  to  confirm  the  tilt  sensitivity  on  outer  race  curvature  and  to 
possibly  use  it  to  compensate  for  residual  g-sensitive  noise,  bearings  with  outer  race  curvature  of  2,0 


107 


2  deg/hr 


M.  IV  installed  in  Nulalrun  SN-I .  and  hoaiings  with  ciirvaliirc  of  0.8  were  installed  in  Niilalron  SN-2 
Investigative  tests  were  rnn  with  each  ol  these  units  to  experimentally  determine  the  elTects  of 
axial  preloail  and  outer  raee  tilt  on  g-seiisitive  noise. 

Tile  hearings  aie  preloaded  with  a  washer  type  shim  jilaced  between  the  outer  raee 
and  a  shim  retainer  on  the  lotor  end  The  lliiekness  of  this  shim  establishes  the  average  axial 
|ireload.  The  bearing  outer  raee  ean  he  tilled  by  slightly  wedge  shaped  shims.  Slums  with  wedge 
angles  from  0.1  to  O.d  milliradian  were  installed,  and  the  resulla.it  ehanges  in  g-seiisitive  noise  were 
measured.  Curves  B  and  C.  h'igure  70.  show  the  results  of  these  tests.  The  eurves  eonfirm  that  the 
sensitivity  is  proprtional  to  the  square  of  the  tilt  angle  and  is  dependent  on  the  outer  race  curvature 
rile  experimental  sensitivity  is  liigher  than  the  theoretical  data,  which  may  be  due  to  a  somewhat 
less  eompliant  rotor  structure  than  assumed  m  the  calculations. 

Tilt  angles  greater  than  0.3  milliradian  were  not  attainable  because  of  lack  of  clear¬ 
ance  bsiween  the  bearing  0.1).  and  the  bearing  bore  in  the  rotor  end  cap.  As  a  result,  it  was  not 
possible  to  use  controlled  outer  raee  tilt  to  completely  compensate  for  g-sensitive  noise  from  other 
sources. 

The  axial  preloads  were  varied  from  2.5  to  4.0  pounds  with  no  observable  change  in 
the  g-sensitive  noise.  However,  with  the  lower  initial  preload,  the  bearings  became  unloaded  when 
the  operating  temperature  was  increased  20\',  This  causcu  a  shift  in  the  g-sensilive  noise  of  up 
to  1.0  deg/hr/g,  which  remained  after  the  temperature  was  lowered  to  the  normal  operating  level. 
iVitI)  'III'  htirb.M-  hall'  I  I'l- •lo.iijx  iliT  xlui'i  •  ln,‘vi,>f<.>vi\t  vi/.M’i'''  •uiHi.  hitts't  L'.'M.'i  Si' •tU''M 

V,  Table  XI). 

1).  MAGNETIC  SENSITIVITY  (TEST  NO.  9  -  TABLE  XIV) 

The  Nutatron  drift  and  lorquing  scale  factor  magnetic  sensitivities  were  measured  with  and 
without  a  magnetic  shield.  The  results  for  Nutatron  SN-1  and  SN-2  were  similar,  with  very  low 
sensitivities  as  recorded  on  Table  12. 

1 .  Magnetic  Drift  Sensitivity 

Considerable  care  had  been  exercised  to  eliminating  magnetic  materials  from  the 
rotating  element  of  the  Nutatron  which  might  cause  2f  torques  from  being  generated  when 
spinning  in  a  magnetic  field.  The  degree  of  succe.ss  achieved  is  demonstrated  by  the  low  magnetic 
sensitivities,  0.006  deg/hr  and  under  0.003  deg/hr  per  gauss  with  and  without  a  magnetic  shield 
respectively.  The  magnetic  sensitivity  with  the  magnetic  shield  was  within  the  drift  randomness 
and  larger  magnetic  field  tests  will  be  required  to  determine  its  existence.  No  modifications  are 
required  to  improve  this  characteristic. 

2.  Torquing  Scale  Factor  Magnetic  Sensitivity 

The  Nutatron  is  torqued  at  the  Nutatron  frequency  by  the  interaction  of  flux 
generated  by  current  through  the  torquing  coil  and  a  constant  reluctance  dc  magnetic  field  pro¬ 
duced  by  a  permanent  magnet.  External  magnetic  fields  parallel  to  that  produced  by  the  per¬ 
manent  torquing  magnet  (parallel  to  spin  axis)  either  strengthen  or  weaken  the  torquer  tlux 
density  and  hence  the  torquing  scale  factor  by  about  0. 1 5%  per  gauss.  This  is  reduced  by  more 
than  an  order  of  magnitude  with  magnetic  shielding  to  an  insignificant  level.  Radial  magnetic 
fields  have  a  much  lower  effect. 
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Ill  llio  oriyiiKil  i.iiiirigiir;itii)ii  (1  luiuv  wiiii  toRjiiiiig  nuignets  symnioinciilly  iiu)uiiIi.h1 
oil  (.'itlicr  end  of  the  NnKilron,  die  seale  I'aelor  iiiagiietie  seiisilivily  would  lia\e  been  lower  beeause 
of  eomiiioii  mode  ivjeedoii.  As  one  iiiagnetie  tori|iimg  field  is  slrenglliened  the  odier  is  weakened, 
I'lie  el  feetiveness  of  iiiagiielie  sliielding  however  does  make  single-ended  operation  possible  with  the 
atlendaiit  simplifiealion  and  inereased  M  faetor. 

b.  SC'ALb,  I- ACTOR  I  I.MPl- RATURI-  SliNSi  I'l VITY  (TRST  NO.  3,  TARLIi  VII) 

riie  seale  faetor  temperature  sensitivity  is  almost  idciitieal  for  both  iiistrunients  and  in  tlie 
order  of  0. 1  H'  l  per  It  is  entirely  attributable  to  the  temperature  eoeffieieiit  ol'  the  Alnieo  V 
permanent  toniiiing  magnet.  I'or  platform  operation  where  the  eommand  precession  rate  will  be 
limited  to  20  deg/hr,  temperature  eompensalion  using  the  Nutatron  thermistors  will  be  more  than 
adequate. 

For  the  large  lorquing  rates  associated  with  strap  down  operation,  better  stability  of  the 
torquing  seale  faetor  is  reiiuired.  The  following  options  are  possible  to  achieve  this. 

(  I  )  F.xplore  the  possibility  of  lower  temperature  eoelTieient  permanent  magnet  materials. 
The  rare  earth  magnet  materials  hold  promise  in  that  direction. 

(2)  Resort  to  a  eombination  of  temperature  compensation  and  a  crude  (±5"C)  temiierature 
control. 

(3)  Substitute  permanent  magnets  with  electromagnets  driven  from  a  well  controlled 
current  source.  The  Brig  II  gyros  effectively  used  this  technique,  but  it  required  a 
precision  current  supply. 

F.  VIBRATION  SliflSITIVlTY 


No  vibration  tests  were  conducted  nor  was  the  rotor  statically  balanced  to  minimi/e  drift 
induced  by  vibration  at  or  near  the  Nutatron  frequency.  A  short  analysis  is  presented  here  to  indi¬ 
cate  what  can  be  e.xpeeted  with  reasonable  mass  balance  requirements  and  vibration  environments. 


The  relation  of  the  performanee  of  an  undamped  inertial  navigatio  i  system  to  random  drift 
noise  as  e.xpressed  by  its  white  noi.se  drift  power  spectral  density  can  be  appro.ximated 


o  ‘  =  9.2  x  10'^  P 

p  CJ 


-L,.' 


I 


2  CO 

e 


^  I 


sin  2cj^^,l 

~2cj . 
e 


where 


a  is  the  rms  error  in  ft 
P 

P^  is  the  drift  power  spectral  density  (deg/hr)^  per  rad/hr 
t  is  time  in  hours 

co^,  is  the  Shuler  fret]iiency  (approximately  4.2  rad/hr) 
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This  equation  can  be  reduced  lor  periods  over  one  hour  to 


o  -  =  3.07  .X  10' ‘  P,  ,  l’  and 

p  UJ 

a  =1.75  x  10^’  t  “ 

P  V  to 

For  a  navigation  error  of  4  nautical  miles  after  4  hours  of  flight  the  permissible  white  power  spectral 
density  is  approximately  3  x  10‘*  (deg/hr)^  per  rad/hour. 

The  relationship  between  torques  at  the  Nutalron  Irequency  and  drift  is  derived  in 
Appendix  1  and  is 

CO  =  - — —  2  X  10^ 

(A  -  B) 

where 

u)  is  the  resultant  drift  in  deg/hr 

is  the  torque  at  or  near  the  Nutatron  frequency  in  dyne-cm 
r’  is  the  rotor  speed 

A,  B  are  the  radial  moments  of  inertia 

2x10^  is  the  approximate  conversion  factor  from  rad/sec  to  deg/hr 
The  torque  power  spectrum  induced  by  a  vibration  power  spectrum  is 
P(  =  Pg  X  X  4.4  X  10-'' 

where 

Pj  is  torque  power  spectral  density  in  dyn^  per  rad/hr 
Pg  is  vibration  power  spectral  density  in  g^ /Hertz 
is  the  rotor  mass  unbalance  in  dyn  cm/g 

Combining  the  two  equations  the  relationship  between  the  vinration  power  spectrum,  the  mass 
unbalance  and  the  drift  power  spectrum  is 


Assuming  ;i  vibiiilion  power  spectrum  of  0,0  1  g*  /i  1/  (4,5  g.  0  to  2000  11/ ).  ;i  mass  unbalance  of 
0.5  dyn  cm.  the  drift  |K)wer  speetrum  with  the  present  parameters  of  the  Nuta.ron  will  be  1 .2  .x  10'^ 
(deg,/hr)'  jicr  rad/hr.  liven  a  modest  increase  in  rotor  speed,  which  is  being  recommended  to  reduce 
drift  perioilicity  discussed  in  Section  VI.  will  minimi/e  the  vibration  induced  drift  errors  to  an  in¬ 
significant  level.  If  in  addition,  vibration  isolation  is  used,  high  vibration  inputs  can  be  tolerated 
and  the  mass  balance  ree|uirement  further  reduced. 


VII.  SUMMARY  Ol'  C  ONCLUSIONS  AND  RLCOMMLNDATIONS 


The  test  resLilts  of  tlie  two  prototype  Nutalroiis  and  a  diseussion  of  the  data  given  in  tliis 
report  indicate  the  outstanding  eluiraeteristies  as  well  as  areas  that  require  further  improvements.  The 
following  conclusions  can  be  drawn  from  this  information. 

A.  CONCLUSIONS 

(  1 )  The  long  term  slahilily.  (he  low  temperature  coelTicients,  the  repeatability  from  turn  on 
to  turn  on,  subsequent  to  wide  temperature  exposures  substantiates  the  performance  in¬ 
dependence  from  changes  in  dimensions  and  material  characteristics.  The  potential  of 
the  Nutatron  concept  to  lead  to  a  low  cost,  reliable  angular  rate  sensor  with  few  precis¬ 
ion  parts  and  delicate  assembly  processes  is  verified. 

(2)  The  predominant  portion  of  the  drift  randomness  is  in  fact  a  periodicity  resulting  from 

a  beat  between  bearing  noise  spikes  at  the  Nutatron  frequency  and  the  case  rotation  fre¬ 
quency.  This  low  frequency  drift  periodicity  can  theoretically  be  eliminated  by  wider 
separation  between  rotor  and  housing  frequency. 

(3)  The  remaining  Nutatron  drift  noise  appears  to  be  white  and  to  stem  from  the  surface 
finish  imperfection  of  the  commercial  ball  bearings  used. 

(4)  Case  rotation  is  effective  in  eliminating  standing  level  of  bearing  noise. 


(5)  The  use  of  large  outer  race  curvature  bearings  has  greatly  reduced  the  effect  of  tilted 
installation  of  the  bearing  on  acceleration  sensitive  drift. 

(6)  The  Nutatron  witli  the  0.8  outer  race  cun'ature  bearing  demonstrated  considerably 
better  repeatability  and  lower  acceleration  squared  sensitive  drift.  The  optimum 
ratio  of  outer  race  curvature  may  be  between  0.55  and  0.8  but  requires  verification. 


(7)  The  compound  circular  flexure  provides  the  required  stiffness  about  the  spin  axis  in 
eombination  with  the  desired  compliance  about  the  two  input  axes.  Large  oscillations 
about  the  spin  axis  have  been  eliminated. 

(8)  A  minute  axial  displacement  of  the  two  orthogonal  centers  of  suspension  of  the  com¬ 
pound  circular  fiexure  results  in  a  2f2  signal  proportional  to  cross  axis  accelerations. 

This  signal  is  effectively  used  to  tiim  standing  level  of  acceleration  sensitive  drift. 

(9’t  The  resonant  control  loop  effectively  adjusted  the  fiexure  spring  constant  for  resonant 
operation  at  the  Nutatron  frequency.  It  appears  that  most  drift  producing  noise  at  the 
Nutatron  frequency  also  resonates  and  it  may  be  possible  to  eliminate  this  loop  in  the 
future. 

( 10)  The  automatic  alignment  loop  effectively  aligns  the  case  rotation  and  spin  axes.  The 

errors  produced  by  small  misalignments  are  negligible  and  it  may  be  possible  to  eliminate 
this  loop  in  the  future. 


(II)  NiilalRiii  diil'l  mti'ocliu'cil  hy  loii|iii.'  noise  at  2i'  +  2S2  dcL'ivases  with  liiglier  roliir  sjK'ed, 
while  that  caused  In  displaeemeni  noise  at  the  Niitalron  t're(|Lieney  increases  with  it. 
Investigation  i)i  the  nature  ot  the  noise  iiulieates  that  it  may  he  possible  to  increase  the 
rotorsi'ced  ot  the  N'utatron.  I'his  will  henellt  the  periodic  drill,  tieerease  the  sensilivilx’ 
to  e.Mernal  sihralion.  and  make  it  easiei  to  stabili/.e  a  platform  system.  I'urther  investi¬ 
gation  will  he  ret|uired  to  determine  how  fast  the  rotor  can  he  rim. 

B.  RIX'OMMINDAHONS 

rile  demonstrated  data  of  the  Nnlalron  eoneepi  so  far.  the  imderstaiuling  of  the  remaining 
error  mechanisms  and  the  simplicity  of  the  posliilaleil  techniques  to  improve  iierfoi mance.  warrant 
the  further  development  of  this  unconvenlum.il  angular  rale  sensor.  It  is  reeommeiuled  that  a  pro¬ 
gram  he  initiated  to  implement  the  mollifications  iliseiissed  in  this  report  for  performance  improve¬ 
ments  and  for  low  cost  produeihility .  I’hese  are  hrielly  summarized  in  Table  XVI. 


TABLT;  XVI.  RlX'OMMFvNDATlONS 


Modification 

— 

Why 

Potential  Problems 

Recommended  Action 

Increase  rotor  speed 

Eliminate  low  frequency 
drift  periodicity. 

Reduce  sensitivity  to 
vibration 

Displacement  noise  at 
Nutatron  frequency 
will  increase 

Conduct  tests  at 
various  rotor  speeds 
to  establish 
feasibility 

Full  ball  complement 
bearings, 

solid  film  lubricant 
bearings 

Reduce  retainer 
instability  wtiich  is 
cause  of  low  frequency 
drift  periodicity 

Effect  on  other 
bearing  parameters 
is  unknown 

Analyze  and  conduct 
tests  with 
bearings  in  new 
configurations  on 

Nutatron 

Give  bearings  latest 
surface  finish  treatments 
(ion  discharge  cleaning 
ball  lapping,  phosphalinq) 

Reduce  white  noise 
drift  level 

None 

Give  all  bearings 
latest  surface 
nish  treatment  in  future 

Move  spin  motor  stator 
from  suspended  element 
to  case 

Increase  modulation 
factor  by  2  or  3, 
reduce  g  and  g^ 
sensitive  drift, 
simplification  and  cost 
reduction 

Additional  motor 
noise  at  Nutatron 
frequency  (should 
be  small) 

Analysis,  design 
motor,  modify 

Nutatron  and 
conduct  tests 

Reduce  outer  race 
curvatu'^e  but  above  0.6 

Reduce  g^  sensitive 
drift 

None 

Analysis,  install 
bearings  and  conduct 
tests 

Eliminate  resonant 
operation 

Simplification/ 
cost  reduction 

Increase  in 
non-resonant  noise 
(should  be  small) 

Conduct  tests  to 
establish  feasibility 

Eliminate  Alignment  Loops 

Simplification/ 
cost  reduction 

Additional  drift 
noise  (should  be  small) 

Conduct  tests  to 
establish  feasibility 

Improved  pickoff  preamp, 
using  latest  IC^ 

Reduce  white  noise 
drift  level 

None 

■  Design,  fabricate  and 
install  improved  preamp. 
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DliRlVATlON  01- Tin;  Sri-ADY-STA'I  I  NU  TA  I  RON  I-.QUAI  K^N 


DERIVATION  OF  THE  STEADY  STATE  NUTATRON  EQUATION 


In  this  appendix  the  solutions  for  the  piekoff  angles  in  the  steady  state  are  derived.  Included 
in  the  analysis  are: 

Constant  torcpie  inputs. 

Input  torques  at  twice  the  rotor  speed  (2r^), 

Constant  base  rate  inputs. 

Bearing  angle  noise  at  2  v. 

Suspension  spring  constant. 


Beginning  with  Euler’s  equations  in  the  rotating  coordinate  system 


where 


[lo] 

[lo] 

w 

M 


=  [C.]  [co;  +  +  [k,]  [»;] 


Txo 

‘yo 


CO 


ox 


CO 


oy 


‘^sx 


CO 


xy 


=  input  torques 


=  input  or  base  rates  (earth  rates) 


=  Angular  velocity  of  float  relative  to  case  which  is  the  pivot 
spring  deflection  rate  of  change. 


M 

[G] 


«sx 

^xy 


=  angle  between  float  and  case  which  is  the  pivot  spring  dellection 


pA  j;(C-B) 
-r^(C-A)  pB 


=  Euler’s  gyro  matrix 


Ik  1 

K|  0  ' 

ru 

0  K, 

=  Pivot-spring-constant  m.-trix 


A.  B,  C  =  principal  moments  of  inertia  of  rotor  about  the  x.  y,  and  z  axes  respectively 
including  non-rotating  inertias. 


u  =  rotor  speed 

p  =  ji  =  derivative  operator 

*Primed  variables  are  rotating  coordinate  system  variables. 


Ill  stationary  coordinates,  =  p  0^.  However,  in  rotating  coordinates  this  simple  relation 
does  not  hold.  Since  0^  is  small  (the  pivot  spring  dellection)  it  may  be  considered  a  vector;  then 


where 


=  spring  deflection  in  stationary  coordinates. 


'cos  v\ 

sin  n  t 

[nt] 

rsin  nt 

cos  u  t. 

rotating  coordinate  vectors. 


Similarly, 


where 


Since, 


['^0  ^s 
lo 


=  spring  dellection  rate  in  stationary  coordinates 


=  torques  in  stationary  coordinates 


=  base  rates  in  stationary  coordinates 


[<^0  0,, 

[nt]  Wg  =  [nt]  p_05  =  [i^t]p  [i^t]’'^^' 
[P  =  [M]e'  then 

Ln  pj  ^  , 

[G]  +  j  [G]  [M]  +  [k,]  j  0,' 


120 


A  soliiimn  spriim  doricctioii  aniilos  in  llio  rutaliiit;  system  in  terms  of  base  rates  and  in¬ 

put  tmapies.  I'lie  piek-olT siimals  are  then 

le  -  ['"]■'  i's' 

Tj,  may  cuusist  of  the  I'dI lowing: 

(  1 )  Constant  gyro  error  tt'ripies 

12)  Torques  introdueed  from  the  torqners 

(3)  Torques  at  twiee  laitor  t'requeney. 

In  the  present  Nutation,  wliieh  is  eleetrieally  eager!,  the  d.e.  torquer  signals  are  proportional  to  the 
base  rates  and  gyro  error  torques.  The  eonstrainmenl  loop  eleetronics  filters  out  the  d.e.  torciuer 
signal  at  twiee  rotor  frequeney  (2  i;  )  resulting  from  base  rate  torques.  Torques  at  twiee  rotor  fre- 
queney  appear  from  2  ^signals  applied  to  the  a.e.  feedback  torquer  and  from  error  sources. 


The  piek-ol  l  angles  in  rotating  coordinates  are 


where  A  =  A+B-C. 

1 .  CONSTANT  INPUT  TORQUES  AND  PRECESSION  RATES 

E.xcluding  torques  at  twice  rotor  frequency  for  the  moment,  T.^^  and  'fyo  <ire  constant 
torques.  Also  and  arc  constant  earth  rates  sensed  by  the  Nutatron.  Tlie  Tj^^.  Ty^,  oj^y 
are  seen  in  rotating  coordinates  as  oscillating  torques  at  v  ;  that  is, 

lo  ^  ']  lo ^o  =\y  0  yo 

Therefore,  steady-state  ac  circuit  techniques  may  be  used  to  determine  Oj.'  .  Letting  p  =  jr'  , 
sin  j^t  =  +1 .  and  cos  r't  =  j  denoting  a  90  deg  phase  lead  of  the  cosine  signal. 


j(K|A-t'“AC)  K I  (C-B)  - “  AC 


_1_  i  1  *  \o 

K,  -1  j  T,„ 


K,(K|-2i/  -A) 


J  >  <^v 


K|(K|-2i^-A)  -K,(C-A)  H  -  A('  j(K,-i^“AC)  -I  j  cj 


i:  A  C-K,  (A-B+C)|  -j  1 +2  A  C-K,  (A-B+C)J 

i  l2i^-AC-K,  (-A+B+(')|  [2t;- AC-K|  (-A+B+C)  IJ  [^yo 


111  sljlionarv  coordinates 


-s  ”0'’  ’]  *  -s  “  ^  ^  *  Ir^s'x 


j^sin  u  I  cos  V  JLsy 

and  al'k'r  converting  0^'  (j  v)  hack  to  the  time  domain  by  letting  j  =  cos  n  t,  1  =  sin  u  t,  we  may 
write  the  pick-otT  angles, as 


■^iILAoJ  L' 


0  CO 


r'(A-B)  -sin  2  r't  cos  2^1  ‘^^xo 

Ki-2r’"A  cos  2  r't  sin  2  111  co,,„ 


Tlic  dc  component  of  the  pick-off  angles  is  the  first  term  and  in  the  steady  state 

®sx  _  _1 —  where  consists  of  gyro  error  torcpies  plus  torijiies  proportional 

.^syj  ^1  L^yJ  \Jy_ 

to  base  rates;  that  is, 

^x  “  ^xo  '  ^yo  “  ‘  '"^yo 

Ty  =  TyQ  +  uC  =  11  co^y  where  H  is  angular  momentum. 

The  ac  pick-off  signal  is  proportional  to  base  rates  only  as  expected. 


”sx  -  -p(A-B)  -  sin  2  j^t  cos  2  t^t  ^xo 

0,,,,  Ki-2r'  A“  cos  2  nt  sin  2  r't  co,,,. 


IfK,  <  2i^-A.-  ■ 

Kl-2,-A 


A-B 

2i^  (A+B-C) 


CillNl-KAL  Ir  TOKUUl'  INI'U'IS 


(\)nsidor  iM|nil  torqik-s  which  occur  ;il  Ihc  2t'  frequency  t)nly.  1  hen  for  a  general  2i^  loniue 
ilefineil  as 


'x2e 

m  cos  (2et  + 

'  y  2e 

n  sin  (  2i' t  +  0  ) 

where  ni  and  n  are  the  respective  amplitudes  of  the  lor(|ue  signals  in  the  two  axes  and  0  and  0 
are  the  arbitrary  phase  angles.  In  rotating  coordinates 


’•x2e'' 

''.\2e 

=  t  «] 

_  *  y  2  e  _ 

- 1 

1 

>s 

m  cos  (2vl  +  (p)  -n  cos  t3/'t  +  0)  +  m  cos  (i't+0)  +  n  cos  (et+tt) 

-in  sin  (3et+0)  +n  sin  (3  iM  +  0)  +  m  sin  (et  +  0)  +  n  sin  (r't+O) 

In  rotating  coordinates  there  is  a  torque  at  v  and  a  torciue  at  Again,  using  steady-state  ac 
techniques,  we  may  let  p  =  ji',  coset  -  j,  sin  e  t  =  I  for  the  e  component  and  p  =  j3e,  cos  3  et  =j, 
sin  3et  =  1  for  the  3e  component;  then  after  expanding  cos  (3et  +  0),  cos  (3et  +  0  ),  sin  (3  e  t  +  <p), 
sin  (3et  +  0)  etc.  into  (cos  3et  cos  0 -sin  3et  sin  0),  etc.  we  have 


T  ' 
‘  \v 


T  ' 

.  y '' 


m  cos  0  +  n  cos  0 
m  sin  0  +  n  sin  0 


I 

'j  -1' 

a 

1 

2 

1  j_ 

b 

■'1x3'; 

1 

j 

1 

-'I'y3e. 

-1 

j  _ 

m  cos  0  -n  cos  0 
n  sin  0  -m  sin  0 
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1 
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1 
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Since 


l_sni  iM 


cos  n  t 


-sin  u  t  I  fcos  11  t 


■os  I  sin  P  1 


sin  n  t  :i 


cos  ft  b 


)s  2  Pt  -sin  2  nt  a 


K,  -2i'-A  sin  2  nl  cos  2  [_b 


where 

a  =  ni  cos  <p  +  n  cos  0 
h  =  ni  sin  0  +  n  sin  0 

The  p  component  of  tlie  torque  in  the  rotating  system  results  in  a  pick-olf  signal  at  2  v  in  the 
Juuio,"rnyl’n^  which  resmtates  whenever  K ,  =  2.^  A.  If  m  =  -n  and  0  =  0.  this  component 

disappears. 


M  3  P, 


K]  -91;^  A  +  P^  (C-B) 
j3i'^  A 


A 


K|  -9p^  B  ■<-  (C-A) 


K|  -9p^  B  +  p^  (C-A) 
A 


A 

Ki  -9p^  a  -t-  P~  (C-B) 


j  1  c 


where 


D  =  the  determinant  of  the  matrix. 

=  (K-4i^^  (C-2A)1  {2C  + A)1  -  Ibi^'’  (A  -  B)'. 


^sx3P 

®sy3i^ 


j  {K|  -  A B) 


Ki  -41^^  A B)  c 


2D  -  (K,  -4n^  A  -8i^^  A)  j  ^  -8i^^  A)J  Id 


^sy3P 


,lettingj  =  cos3i^t,  1  =  sin  3>^t 
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’^sx' 

1 

( M  -  N  )  cos  4i^t  +  ( M  -t-  N )  cos  2>^t 

(M  -  N )  sill  di't  +  ( M  +  N )  sin  2  i^t 

c 

TiT 

( M  -  N )  sill  4i^l  -  (M  +  N )  sin  2*^1 

-(M  -  N )  cos  41^1  +  (M  +  N)  eos  2i^t 

cl 

whore 


M  =  K|  A-Xi^- 13 
N  =  K  I  -Ir’-  A  -Hi-’’  A 


0  =  111  cos  0  -  11  cos  0 
d  =  II  sill  0  -  m  sill  ^ 


riio  pickoll  sigiKil  coiihiiiis  tVociuoncics  ut  2i>  and  4t^.  Because  we  are  only  interested  in  the 


eoniponent 


M  +  N 


K|  -4f^  ((  +  2A).  Then  the  total  Zr"  pickoff  motion  from  tlie  general  2i^  torque  input  is 


^\2i^ 

1/2 

cos  2i^t 

-sin  2i-’t 

a 

^y2v 

K|  -  2i^- A 

sill  21^1 

cos  27’! 

b 

K|  -4i'^  (C'+  2A) 

cos  2i^t 

sin  21^1 

c 

1) 

-sin  27’t 

cos  2»^t 

d 

(1-3) 


If  Ill  =  11,  0  =  0 ,  the  latter  term  disappears,  and  the  latter  term  does  not  resonate  when  K  j  =  2u'^  A. 
C'.  PLANAR  2v  TORQUL  INPUTS 

Assume  a  planar  2i>  torque  input  of  the  general  form: 

Tx');^  =  I'x  cos  (2l^t  +  .(■  )  cos  Tj 
TY2r’  -  1'n 

where 

f  =  arbitrary  phase  angle  of  planar  torque 
V  -  angle  of  planar  torque  with  respect  to  the  X  axis 

We  may  make  the  identifications  between;  m,  n,T|q,0  .^.fand  77. 

m  cos  0  -  eos  ^  cos  17 
m  sin  0  =  Tjvj  sin  ^  cos  V 
n  cos  9  =  -T^  sin  f  sin  v 
n  sin  ®  ="  Tjyj  cos  f  sin  v 

Then 


a 

b 

e 

d 


Tjyj  cos  (T7+  {■) 
T[q  sin  (7?  +  f) 
cos  (7?  -  f) 
Tx  sin  (77  -  f) 
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Finally, 


wlierc  I'  = 


X 

_^N 

1 

8 

2 

K,  -  2i'=A 

L  u 

2i’ 

1 

1 

(A  -  B)2 

cos  (2t't  +  f  +  r?) 
sill  (2i^t  +  f  +  n) 


K,  -  2u^  (C  +  2A)(1+P) 


cos  (2i^t  +  f  -  T?) 
-sin  {2t't  +  f  -  7?) 

(1^) 


(2C  + A)(K|  -Av-  ((’+  2A) 
BFAKING  ANCiLF  NOISF  A  F  2i^ 


Tlic  pickolT  response  *.o  be-  ,  ng  noise  requires  a  new  analysis.  The  procedure  is  the  same  as 
used  lor  torques;  basically,  the  bearing  noise  at  is  decomposed  into  two  counter  rotating  coning 
signals.  The  “phis”  coning  term  appears  at  v  in  the  rotating  coordinate  system  and  the  “minus”  coning 
term  appears  at  hv  in  the  rotating  system.  The  response  to  each  is  derived  and  the  result  is  resolved 
back  into  the  stationary  system. 


Disregarding  input  torques  and  input  rates,  the  matrix  equation  to  be  solved  in  the  rotating 
coordinate  system  is 


(p2  (A'+I)  +  »^2  (C-B'-l)  +  K,  -i'p(A'  +  B'-C  +  21) 
(i^p(A'+B'-C+21)  pMB'  +  I)  +  <^^  (C-A'-l)+K, 


B  ' 

X 


yj 


p^  A' +1^2  B) 

-i^p  (A'  -i-  B'  -C) 

up  (A'  +  B'  -C) 

p-  B'+i72  (C- A  ) 

XN 

1 

YN 


(1-5) 


where 


I  =  the  symmetric  nonrotating  inertia  of  the  gyroscopic  element, 

A'=  A  - 1  =  the  principal  moment  of  inertia  of  the  rotor  about  the  X  Axis 
B'=  B-1  =  the  principal  moment  of  inertia  of  the  rotor  about  the  Y  Axis 


1  .  1 


^X’  ^  Y  pickoff  signals  in  rotating  coordinates 


^XN  ’  ^  YN  ^  ^  components  of  bearing  noise  in  rotating  coordinates. 


Equation  (1-5)  is  derived  as  follows:  Recognizing  that  the  relationship  between  angles  and  rates 
in  rotating  coordinates  is 


^X* 

rp..i 

1 

1 

a. 

_ 1 

- 

__  1  _ 
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i 


1'  '■ 


Id  llic  subscriiH  I  a'luvscnt  rotor  angle  variables  aiul  subscript  2  represent  non-rotating  angle  variables 
then  liuler's  gyro  eipialions  are  written  as 


T 

‘X 

pA'  u  iC  -  B') 

"p-r-' 

^IX 

■p  -i^' 

2 

“2X 

=0  = 

+  1 

T  ^ 

‘y 

-V(C-A')  pB' 

u  p 

0|Y 

J'  '1 

6  o'y 

K,  0 

»:x 

0  K| 

0,  Y 

'T'ae  first  term  on  the  right  is  the  torque  from  rotor  motions,  the  second  term  is  the  torque  from  the 
non-rotating  inertia,  (referred  to  the  rotating  system)  and  the  third  term  is  the  torque  from  the  pivot 
spring. 

The  angles  0  |  x  ,  ^  i  Y  *  ®  >  ■‘‘^spectively,  by  the  bearing  motion  such  that 

1  .  1 


^ix' 

'  ■  ^2X 

9|y' 

'nx' 

and  0|qY 

where  ^x'  ’  pickoff  signals  of  the  non-rotating  inertia  referred  to  the  rotating  system. 

For  a  planar  bearing  noise  in  the  stationary  system, 


^XN 

Tos  T}~ 

=  cos  (2r’t  +  s"  ) 

Oyn 

i 

sin  7j 

where  f  =  arbitrary  phase  of  planar  nofse,  tj  =  angle  of  planar  noise  with  respect  to  the  X  axis,  the 
equivalent  signal  in  rotating  coordinates  is 


^xn‘ 


^yn' 


0 


'N 


cos  t  -  sin  r*  t 


sin  r*  t  cos  r*  t 


cos  (rj  +  f) 
sin  (V  +  i ) 


cos  (17  -  f) 

sin  (t?  -  f) 

Using  steady  state  ac  techniques,  we  may  find  the  response  to  the  r"  and  Sr*  signals  in  rotating 
coordinates.  These  are 
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- 1 

_ } 

K|-I-"A  jr--A 

r  ■>  .  9,1 

i-A  -|i/a' 

- 1 

c 

✓ 

_ 1 

»v' 

■> 

_  -j  e-A  K-/'-A  . 

1  s 

_  ]i’~A'  l■’~y  . 

- 1  i  - 

Mil  ill  +  (:)_ 

L-  J 

■> 

K,  -11- A  -  8ii-B’(j3  r’- 

A) 

-u~A'  -8r'“A'  (-j3r’-  A') 

i  1 

cos  (7)-  n 

-j  3  ri-  A  ( K  ,  -  ii“  A  -8  i^- 

A') 

i3/i-A'  (-r>- A' -8ri- B')_ 

_-1  ,j. 

sin  (t?  -  f) 

IK,  -4/''(C'+:a  )|  IK,  Aid  t  p)i 

wlicro  A  =  A' +  [}'-('+ 21 
A'  =  A'  +  B'-C 


iVliiltipIvmg  out,  coiivurtiiii;  to  the  lime  doimiin.  :iiui  resolviiij;  li;iek  to  stationary  coordinate  vve  ohtaiii 
tlie  2i'  iiickolT  signals: 


■"x' 

! 

1 

cos  (  2et  +  f  +  >) ) 

i7 - (  2('+A')(  1  +N) 

COS(2l't  +  f-T/)  1 

1 

") 

-sin(2/'l  +  £-)))  ) 

.'’V. 

2.  1 

1  K,-2i'-A 

sin  (2i7|  +  ?  +  >j)j 

K|-2i'-(2C+A)(l+l>) 

w  lie  re 


N=  _ 

(2C'  +  A')  (  K  ,  -4ii-  {C-2A  ) ) 


B  and  N  are  nondimensional  correction  factors  for  the  anisometric  roto*-.  i-'or  symmetrical  rotors 
P  =  N  =  0.  In  the  Nutatron  assume 


y  =  63 
A  =  4S5 
B  =  I  85 
C  =  >20 


A  =  I  50 
A'-  50 

K,  <  2-l0‘^  <4e-  t(  +2A)  -  1 .58  •  I  o"^  (820)  =  1 3.0-  lO^’ 


A  comparison  of  these  equations  shows  the  eonelation  hetwocn  bearing  noise  anil  torque  noise.  The 
torque  equivalent  Tor  a  given  hearing  noise  amplituile  is: 

T[yj  = -r’-A'  for  the  “plus"  coning  term 

Tn  -  -y“(2C'+A')  (1+N)  (/[vj  lor  the  “minus  coning  term 

Tlie  pickofT sensitivity  to  bearing  noise  for  the  two  terms  lor  K  ==  0  in  the  Nutation  is: 


0 


N 


0 


\2v  -  ~ 

0 


N 


0.33  COS  (2i^t  +  f+r))  +0.^)  cos  (2r’t  +  f-)7) 


- 


-  On 


0.615  COS  (2i^t-t  cos  +  0.285  sin(2r't +n  sinrj 

0.33  sin  (2r't-t  f  +t?)-  0.9  sin  (21^1  +  f-i?) 

-0.285  sin  (2v  t  +  f)  cos  tj  +  0.61 5  cos  ( 2i^ t  +  f )  siiiTj  1 


Note  that  the  coelTicicnt  of  the  “plus”  coning  term  is  about  1/3  the  coefficient  of  the  “minus"  coning 
term.  Note  also  that  as  K  is  increased,  the  “plus"  coning  term  comes  into  re.sonance  long  before  the 
“minus"  coning  term.  Therefore,  the  Nutatron  signal  resonant  rise  needs  to  execed  3  before  bearing 
noise  resonance  would  be  noted  experimentally. 

5.  TOTAL  2  r  PICKOFF  RESPONSF 

Combining  Equations  1-2, 1-4. 1-6,  we  obtain  the  total  pickoff  motions  at  21^  in  response  to 
constant  precession  rate  inputs,  planar  2v  torque  inputs,  and  planar  2  v  angular  bearing  noise  inputs. 


_  -yCA-B) 
K,-2y2A 

-sin2r't  cos  2i^t 

cos  2r't  sin  21*  t  ‘^YO 

/n(  I 

cos  (2i^t  +  f  +  r?) 

+  1 

cos  (2^1  +  f -r?) 

2  (k,  -2i^-A 

sin  (2i^t  +  f  j?)_ 

Kj  -2r'“  (C  +  2A)(1  -fP) 

_-sin  (2i'l  -tf  -Tj) 

(  i'“A' 

cos  (  2  V  t  +  f  +  TJ ) 

V-  (2C+A')  (  1  N) 

cos  (2iM  +  f-T?) 

1 

j  K,-2z^“A 

sin  (2i^l  +  f  +  I?) 

^  K_-:„-(2C  +  A)(l  +P) 

-sin  {2et+  f-  ,, ) 

( 

(1-7) 
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6. 


AC  TORQUE  REBALANCINC 


111  the  ac  torque  rcbalaiiCL'  lest  mode,  the  X  axis  2p  piekolT  motion  is  nulled  by  the  ac  feedbacK 
torquer,  and  the  suspension  spring  rate  is  adjusted  so  that  K  |  -  2i>~A.  Equation  1-7  then  becomes  • 
for  the  X  axis; 

^X2a  0  ~  -a(  A-B)(-S7j>,^  sinlrt  cos  21^1)- Tj^  (sin  2iM)-T^  (cos  2i^  t) 

X 

cos  (2r't  +  (>  )  +  0[yj(r'~A  )cos(2at+0).  (I-87 

where 

^ex  ’  ^^ey  of  earth  rotation  about  the  input  axes. 

"^x  sill’  cos  required  X  axis  torques  at  sin  2  i^t  and  cos  2r>t  to  null  the  X  axis  2i> 

motion. 

Tjj  is  a  2i>  noise  torque  at  some  arbitrary  phase  angle,  0 
(I  is  a  2y  bearing  noise  angle  at  some  arbitrary  phase  angle  0 . 

Equation  (1-8)  may  be  re-written: 

j,j,^  (sin  2et)  +  T,^  (cos  2 et)  =  -i' (A- B)  (-^2^,^^  sin  2  et  +  cos2i^l) 

+  T^xcos^‘-'«^“‘'‘>  +  ■'nx  sin'sin  2et) 

where 

'*7Xcos"  ^  ^  Oiqt^-A'coso) 

'’'„xsin  =  +(lNe- A'siiio) 

Finally,  equating  like  terms,  we  obtain: 

^x  sin  “  sin 

^x  cos  “  ^^cy  ^ '^ijx  cos 


which  are  the  expressions  used  in  the  discussion  of  the  lest  method.  Section  V. 


appendix  II 


FLEXURE  DESIGN 


in  IN  FIXED  SYSTEM 


A. 


PIVOT  DESIGN 


Tlie  original  Niitalron  pivot  was  a  simple  necked-down  cylindrical  pivot.  Because  of  the  rel¬ 
atively  low  toisional  stiffness  of  this  lype  of  pivot  ( 1 .4  x  10*  dyne  cm/rad),  the  suspended  element 
of  the  Nutation  would  occasionally  oscillate  from  stop  to  stop  in  response  to  spurious  rotor  bearing 
torques.  This  pivot  was  replaced  with  a  compound  circular  llexure' ,  which  combines  high  axial, 
lateral,  and  torsional  stiffnAs  with  relatively  low,  two-degree-of-freedom  bending  stiffness.  The  llex- 
Lire,  seen  in  Figures  11-1  and  11-3  consists  of  a  hollow  beryllium  copper  cylinder  slotted  as  shown  in 
the  figures.  Figure  11-2  is  an  expanded  view  of  one  of  the  flexure  sections.  The  design  requirements 
for  the  new  pivot  were: 

(a)  The  same  mcciianicaf  interfaces  to  permit  direct  replacement  without  modification  of 
other  parts. 

fb)  A  sensitive  axes  bending  stiffness  between  2  x  10*  and  3  x  10*  dyne  cm/rad  so  that  no 
modifications  to  the  Spring  Rate  compensation  were  required. 

(c)  A  minimum  5  g  loading  capability  in  all  axes. 

(d)  A  lateral  and  axial  stiffness  at  least  as  higii  as  that  of  the  original  pivot. 

A  ulysis  of  the  new  design  configuration  indicated  that  the  two  most  critical  parameters  with  respect 
to  g  capability  are  the  shear  stress  due  to  lateral  load  (Sj]),  and  tensile  or  compressive  stress  due  to 
lateral  load  (S^j).  The  eejuations  for  these  stresses  are 


Ssl  =- 


3  Ma 


4  bt 


4  b  \l3tQ^ 


{11-1 ) 


(11-2) 


where 


M  is  the  mass  of  the  suspended  element 
a  is  the  acceleration  in  equivalent  g  level 
R,  b,  and  t^  are  defined  in  Figure  11-2. 

From  Equation  (11-1 ),  a  minimum  allowable  value  was  calculated  for  t^,.  This  was  based  on  the  maxi¬ 
mum  allowable  shear  stress  in  the  beryllium  copper,  an  assumed  acceleration  of  .“i  g,  and  cylinder  wall 
thickness  (b)  of  0.025  in.  Eciuation  (B.3)  was  then  rewritten: 


which  yields 


/4bo,|-\  t„’ 


(11-3) 


'  “Flexures”,  Victor  Billig,  Machine  Design,  February  4,  I960. 


where  (Jji  IS  tlie  eiKlur;iiiee  limit  ol'  the  berylliiiin  eopper.  Hciuaiion  (11-3 )  estublislies  a  relationship 
between  R  aiul  1^^^  for  any  yven  t;  level  Values  of  R  were  ealeiilateil  for  permissible  values  of  t^  (above 
the  minimum  allowable  value)  for  e  levels  I'rom  5  to  10  g.  The  soliti  line  eurves  in  Figure  11-4  are  a 
I'amils  ofeohstant  g  eurves  relating  R  to  t^^.  All  points  (t^j,  R)  to  the  right  of  the  5  g  eurve  aiul  above 
the  shear  limit  |)rovii.le  at  least  5  g  capability. 

These  permissible  values  were  then  used  in  a  computer  program  to  calculate  values  for  bend¬ 
ing  stillness.  I'he  exact  ei|uatit)n  for  the  Irending stilTness  is  a  rather  complicated  expression  involv¬ 
ing  the  axial  stiffne.ss,  stiffness  about  the  y-axis.  and  stiffness  about  the  /-axis,  each  of  which  depends 
on  t^,  and  R.  The  computer  program  varies  both  1^  and  R  in  0.00 1 -inch  increments,  and  calculates 
corresponding  stiffness  values.  The  results  are  then  plotted  as  curves  of  constant  bending  stiffness 
vei-sus  R  aiul  t^.  These  are  the  dashed  curves  shown  in  Figure  114.  As  is  indicated  in  the  figure,  the 
final  design  point  was  chosen  so  that  t^,  -  Ry  =  0.006  inch.  This  proviiles  bending  stiffne.ss  of  2.95  x 
10*  dyne  em/rad  and  approximately  6  g  loading  capability.  Table  ll-l  is  a  comparison  of  the  para¬ 
meters,  for  the  old  and  new  llexure  suspension  systems.  It  is  seen  that  the  torsional  stiffness  has  been 
increased  by  a  factor  of  approximately  800  with  no  degradation  in  the  other  parameter. 


TABLE  Il-l.  COMPARISON  OF  COMPOUND  CIRCULAR  PIVOT 
WITH  NECKED-DOWN  CYLINDRICAL  PIVOT 


Necked-Down 
Cylindrical 
0.017  Dia. 

Weak  Section 

Compound  Circular 
r  =0.078 

R  =0.006 
to  =  0.006 
b  =0.025 

Factor  of 
Increase 

with  Compound 
Circular 

Axial  Stiffness 
dyne/cm 

1.19x  10'° 

5.3  X  10‘° 

4.5 

Bending  Stiffness 
dyne  cm/rad 

2.06  X  10* 

2.95  X  10:* 

1.4 

Lateral  Stiffness 
dyne/cm 

1.02  X  lO'' 

5.3  X  10'° 

50.0 

Torsional  Stiffness 
dyne  cm/rad 

1.37  X  10* 

1.13  X  10'^ 

800.0 

B.  ACCELERATION  SENSITIVE  TORQUE  AT  212 

After  the  test  program  was  reinitiated  with  the  new  pivot,  a  relatively  large  pickoff  signal  at 
twice  housing  frequency  was  noted  when  the  suspension  axis  was  oriented  off  the  vertical.  This  signal 
seemed  at  first  disturbing  because  of  its  magnitude  (between  10"^  and  1 0"**  radians)  and  its  cause  was 
investigated.  The  212  signal  was  quickly  traced  to  the  technique  used  to  manufacture  the  pivot,  and 
while  not  planned,  it  is  presently  serving  the  very  useful  purpose  of  measuring  the  cross  axis  accelera¬ 
tions.  The  Nutalron  is  now  a  multisensor  and  measures  the  accelerations  along  the  two  input  axes 
with  suftlcienl  accuracy  to  permit  compensation  of  g  sensitive  Nutatron  (.Irift. 

The  performance  of  this  two  axis  acceleration  measurement  capability  has  not  been  evaluated, 
but  the  growth  potential  appears  excellent  indeed.  In  effect,  the  Nutatron  is  also  a  two  axis  rotating 
accelerometer  (at  12)  which  inherently  should  have  excellent  null  bias  performance  as  suspension  torques 
occur  at  dc  and  the  low  frequency  domain  while  the  acceleration  signal  lakes  place  at  212  frequency. 
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riic  slots  are  eul  m  llie  pi\ol  using  an  Hlectrical  Diseliarge  Macliining  ( HDM )  process.  This 
l)roeess  removes  the  metal  without  a|iplyingany  force  tr)  llie  pari.  However,  it  is  (.lifllcult  to  control 
(he  I'locess  |ierfectl>  and  some  axial  ihsplacemeni  of  the  two  orthogonal  nexures  is  unavoidable.  This 
displacement  causes  a  lori|ue  at  2^2  (twice  the  housing  rotation  freciuency)  in  response  to  g  loading 
perpendicular  to  the  spin  axis  as  the  centers  of  nexure  and  mass  shift  at  that  frequency. 


Flexure  1 


T  Y 

'  n] 


X  \ 


Flexure  2 


Figure  11-5.  Free  Body  Diagram  of  Compound  Flexure 

Figure  11-5  is  a  free  body  diagram  of  the  compound  circular  llexure  v/ith  the  flexures  displaced  axially. 
Flexure  1  permits  bending  about  the  x  axis.  Flexure  2  permits  bending  about  the  y  axis.  In  the  fig- 


I'l  is  the  distance  from  llexure  1  to  the  center  of  mass  of  the  suspended  element, 
ri  is  the  distance  from  llexure  2  to  the  center  of  mass  of  the  suspended  element. 

X  and  y  are  the  rotating  system  coordinates. 

aj,  and  ay  are  the  components  of  acceleration  in  the  rotating  system. 

X  and  Y  are  the  fixed  system  coordinates. 

f2t  is  the  rotation  angle  between  the  fixed  and  rotating  systems. 

In  the  rotating  system,  the  torques  required  to  keep  the  suspended  element  at  null  are; 

T^  =  -r,  May  (11-4) 

Ty  =  rj  Ma^  (11-5) 

a.^  and  a^  are  time  varying  accelerations  resulting  Irom  steady-state  acceleration  in  the  fixed  system, 
the  transformation  from  fixed  to  rotating  system  with  the  rotation  as  shown  is: 


cosHt  -sinHt  ~|  r^x 


ayj  sinfZt  cosHtJ  [^ay 
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wliciv  aiul  ay  :iiv  llio  slcady-slato  accalcialioii  coiiipoiiciils  in  llic  llxcd  system.  The  aeeeleration 
et)mponents  in  the  rotating  sys.ein  aiv  thus  seen  to  he; 

a^  “  a^  eosS2t  -  aysinfil 

ay  =  ay  eosHt  +  aysinilt. 

Usinu  these  e.xpressions  in  lainations  (ll-4)and  {ll-5)gives  the  tori]iie  in  the  rotating:  system  due  to 
steadv-state  aeeeleration  in  tlie  fixed  system; 


=  -r,  M(ay  eosJ2t  +a^  sinHt) 
d\,,  =  -I'n  iM(ay  eosf2l  -aysinJ^t), 

Transforming  tliese  exinessions  to  tlie  fixeil  system  yields; 


(11-6) 


(11-7) 


cosHt  sinfZt  T^ 


-sinTZt  cosfitj  [_Ty  J  ,  or 


Ty  =  T^  cosJTt  +  Ty  sin^2t 


Ty  =  Tj^  sinfit  +Tyeosr2t. 

Stibstituting  the  values  ofT^  and  Ty  from  Hriiialions  (11-6)  and  (11-7). 

Ty  =  -I'l  M  (ay  eosf2t  +  ay  sinlZt)  eosHt 
-1-2  M  (ay  eosS7t  -  ay  sinrZt)  sinOt, 

Ty  =  r,  iVl  (ay  cosJ2t  +  ay  sinfit)  sin^2l 
-1-2  iVl  (ay  eosfZt  -  ay  sinJ2t )  eosfit 

Rewriting  Eciuation  (11-8), 

Ty  =  -I'l  May  eosJ2t  eosS7t  -  r.  May  sinfit  eosTZt 
-r2  Ma^  eosJ2t  siiiEit  -t-  rj  May  sinS2t  sinSTt, 

Lot  r,  =  r2  +  A.  Then, 


(11-8) 


(11-9) 


Ty  =  -May  rj  (eos^r2t  -  sin^fit)  -  MuyAeos^nt 
-May  12  (sinJ2t  eosfit  +  eosS2t  sinJ2t) 

-MayA  sinr2t  eos^2t 

=  -May  r2  eos2L2t  -  May  Ay  (1  ■^eos2^2t) 

-May  IS  sin2S2t  -  May  A-ysin2nt 
Ty  =  -May  {(is  +  4"  )  eos2r2l  "T  '  ^•''■7^21. 
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;i  Miiuhir  iiKiiuK'i  I  Y  '-■.III  1h-  shnuii  to  Iho 


A 


I  Y  ^  ( I  j  t  —  ) 


It  IS  thus  seen  th.il  llie  u\i;il  disptaeeinenl  ol'  the  two  orlliogoiuil  llextites  eauses  2^  sienals  tn 
the  lixed  system  in  response  to  aeeeleration  (or  y-loadinp)  perpeiuiienlar  to  llic  axis  ol  the  suspension. 
The  de  terms  are  analogous  to  axial  mass  unbalance  with  a  conventional  pivot.  If  the  eenter  ol  mass 
IS  located  midway  between  the  two  flexures  (i  ,  =  r,  =  r.  and  A  =  0),  the  eipiations  become. 


.X  ~  -Mr  ( a->^’ cosZiTt  +  aYsin2T2t’ 
I'y  =  -Mr  (aY ''iti2T2t  -  aYeos212t) 


(11-10) 
(ll-l  1) 


lAiuations  (ll-lO)and  (Il-l  1  (show  that  either  of  the  fixed  axis  torque  feedback  sismals  can  be 
used  to  determine  the  acceleration  components  in  both  axes.  In  actual  operation  the  acceleration  sig- 
nals  are  derived  in  the  toniue  feedback  mode.  The  X-axis  signal  is  demodulated  with  sm2nt  and  cos2i2t 
reference  phases.  The  outinits  of  these  demodulators  arc  dc  signals  proportional  to  ay;  and  ay.  1  hese 
signals  are  appropriately  scaled  to  in'ovide  signals  that  are  used  to  compensate  the  g-sensitive  Nutatron 

noise.  This  is  discussed  in  Secti  m  lV.C'.2.h. 
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APIM-NDIX  111 
NUTATRON  ELF.CTRONICS 
SCHEMATICS  AND  LAYOUTS 
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lOIK 


Figure  1 1 1-1  a.  Rotor  Position  PickolT  Preamp 


Figure  111-lb.  200  kHz  Ref  Driver  and  Demodulators 


Figure  111-1.  Nutatron  Holding  Fixture  Flectronics 
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Figure  111-14.  Board  No.  6  Layout 


Speed  Control 


7  Layout 


Board  No.  9  Layout 


Ubcillator  and  Divider 


T0TT1 


-{Zg}-  — [_^d_l—  [K 


s3 — • 
[EH  ^ 
?EH  (^ 
ilH  ^ 


^  J  I — • 
H  ^  ^  ^  I — * 


-io?An- 

HHH 

-nuT- 


H__2E_i“ 

*-{zTE}-* 

*H5ZEH 

• —  L  D  I — * 

* — I  f~* 


— {^1]— 


ryi5f-»-r)vot'  (X30' 

I  i  I  <  I  •  ■  I  I  I  I  I  I  I 

I  I  I  '  I  I  I  I  I  I  I  I  I  I 


«w  JU  5?  N» 

t  3:  5 

^  ^  Vrt  io  ^ 

Jn  'V  N  v: 

<M  ^  ^ 


s  % 

X 

>  V  V.  C 

''  V  iv.  V 

t<)  i)  ii) 


163 


Figure  III-22.  Board  No.  10  Layout 


Figure  III-26.  Board  No.  12  Layout 


igure  111-27.  Board  No.  13  {2v  +  252  >  Ref  Driver 
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Figure  111-40.  Board  No.  19  Layout 
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